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To Schizosaccharomyces pombe whose suffering at my hands 
I hope I have adequately described in this thesis. 
All the experiments described in this thesis have been 
performed entirely by myself. 
ABSTRACT 
The primary aim of this thesis was to isolate temperature sensitive 
genetic mutants of Schizosaccharomyces pombe which are defective in DNA 
replication. 	30 presumptive (dna) mutants were isolated after nitro- 
soguanidine mutagenesis on the basis of their having a defect in the S 
phase period of the cell cycle. The mutations are all recessive and 
were allocated to 9 unlinked nuclear genes (ccic 10, 17, 18, 19, 20, 21, 
22, 23, 24). 	Physiological characterization revealed that (1) mutants 
of cdc 10, 20, 22, are probably defective in the initiation of S phase, 
mutants of cdc 21, 23 are defective in the process of DNA synthesis, 
mutants of cdc 18, 19 are not defective in bulk DNA synthesis and 
their ts functions are completed prior to or independently of S phase 
at the permissive temperature, and (4) mutants of cdc 17, 24 are not 
defective in bulk DNA synthesis but their ts functions cannot be com-
pleted at the permissive temperature if DNA synthesis is inhibited by 
hydroxyurea. 	cdc 17-K42 possesses 4 major thermo-sensitive phenotypes: 
a ts lethality, a UV sensitivity, a defect in the joining of nascent DNA 
strands, and an abnormally low level of DNA ligase. 	The DNA ligase 
assays suggest that this mutation is located in the structural gene 
for DNA ligase. 	Mutants of cdc 24 are also defective in the joining 
of nascent DNA strands, but at a much higher molecular weight level. 
The secondary aim of this thesis was an analysis of the control 
of S phase in S. poinbe. 	This was investigated by growth of cells 
under nitrogen limitation in a chemostat at different growth rates. 
Only theGi phase of the cell cycle is extended as the generation time 
is increased under these conditions. 	The initiation of DNA repli-- 
cation may be dependent on the cell attaining a critical size. 
Several techniques necessary for a study of DNA replication in 
S. pombe were specially developed during this work. 
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The two fundamental qualities that distinguish living from non-
living matter are its ability to reproduce itself faithfully in the 
short term, despite environmental variation, but to change in an adapt-
ive manner in the long term. The major achievement of Genetics in the 
early part of the twentieth century was the development of a unified 
theory of the gene and its mutation that could account for both these 
processes. The latter half of this century has seen the establishing 
of a molecular basis to this theory. The work presented in this thesis 
concerns the former process, that is, the mechanism whereby the here-
ditary material is replicated. 
The resemblance between the separation of homologous chromosomes 
at meiosis and Mendel's postulated separation of character differences 
at gamete formation was first noticed by Sutton (1903). The theory 
that the hereditary material is to be found, in the main at least, in 
the chromosomes was finally established by Bridges' (1916,1922) work 
on XXY'Drosophila. The problem of how the hereditary material is re-
plicated thus became the problem of how, in the words of Muller (1947): 
"in preparation for each cell doubling, there is an exact duplication 
of each distinguishable part of each chromosome, so that two identical 
daughter threads are formed, not by splitting as the process is often 
miscalled, but by the synthesis of new material". 
As early as 1897, Miescher had shown that the material of the 
chromosomes was predominantly composed of nucleoprotein. Since 
proteins were known to be versatile molecules and all nucleic acids 
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then seemed to have the same basic structure and composition, it was 
assumed by many, at least until 1950 (e.g. Muller, 1947), that the 
hereditary material resided in the protein component of chromosomes. 
However, the known structure-of proteins provided no obvious molecular 
solution to the problem of replication, although there were many in-
genious attempts (e.g. Delbrück, 1941). 	In most early hypothesis, it 
was assumed that replication proceeded by the union of like by like. 
However, it is difficult to propose realistic physioco-chemical models 
for such a process and therefore it was suggested that self replication 
involved the union of, each part with an opposite or complementary part 
(Pauling and Delbrück, 1940; Friedrich-Freska, 1940). 	It was postu- 
lated that the two components of nucleoprotein, protein (positively 
charged) and nucleic acid (negatively charged) are complementary to 
each other and that self replication involves their alternate syntheses. 
The discovery (Avery et al., 1944) that DNA alone is the carrier 
of a part of, if not all, the genetic specificity and the proposal that 
each molecule of DNA is composed of two nucleic acid chains hydrogen 
bonded together by complementary base pairing to form a double helix 
(Watson and Crick, 1953a) immediately suggested a beautifully simple 
solution to this fundamental problem (Watson and Crick, 1953b). 	In 
the words of Watson and Crick (1953b), "Now our model for deoxyribo-
nucleic acid is, in effect, a pair of templates, each of which is 
complementary to the other. We imagine that prior to duplication 
the hydrogen bonds are broken, and the two chains unwind and separate. 
Each chain then acts as the template for the formation on to itself of 
a new companion chain, so that eventually we shall have two pairs of 
chains, where we had only one before. 	Moreover, the sequence of the 
pairs of bases will have been duplicated exactly". 
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Obviously, such a mechanism no longer required genetic specificity 
to be transferred to protein and then back to DNA back again. In re-
trospect, the only major difficulty envisaged by Watson and Crick (1954) 
for their scheme for replication was how the parental strands could un-
coil "without getting tangled up". 
The model proposed by Watson and Crick makes two fundamental pre-
dictions 'concerning the nature of DNA replication: (a) that replication 
should be semi-conservative, and (b) that the replication of both strands 
of the helix probably proceed simultaneously, so that we may talk of a 
replication fork. 	One of the first indications that replication is 
semi-conservative came from autoradiography of replicating chromosomes 
in Vicia faba (Taylor et al, 1957). 	More decisive evidence was ob- 
tained for E. coli DNA replication by the elegant density labelling 
experiment of Meselson and Stahl (1958). 	The second prediction, that 
both the strands of different polarity are replicated simultaneously 
at the same fork, was later established, at a physical level, by the 
autoradiography of pulse labelled E. coli chromosomes (Cairns, 1963) 
and, at a genetic level, by the work of Yoshikawa and Sueoka (1963) on 
the relative transforming activity of early and late replicating DNA 
in Bacillus subtilis. 
Meanwhile Lehman etal. (1958) had purified an enzyme from E. coli 
(now known as DNA polyrnerase I), which catalyses the denovo synthesis 
of DNA from deoxyribonucleotide precursors. Highly polymerized DNA 
was necessary for enzyme action and there was a requirement for all 4 
nucleoside triphosphates. Moreover, the template nature of the 
original DNA was demonstrated by Lehmanetal. (1958) who showed that 
the base composition of the synthesised DNA was the same as the 
original. Thus the enzyme seemed to fulfil the function proposed by 
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Watson and Crick (1953b) that "the polymerization of these monomers 
to form a new chain is only possible if the resulting chain can form 
the proposed structure (i.e. a complementary base paired double helix)" 
(my brackets). Further analysis using this enzyme demonstrated that 
the to chains of the double helix are of inverted polarity in the way 
proposed by Watson and Crick (1953a). 
It appeared that the basic molecular mechanism for the replication 
of the genetic. material would emerge with the understanding of the 
mechanism of this DNA polymerase. However, instead, two stark facts 
emerged from the study of its mechanism (Richardson et al., 1964). 
The first is that, unlike RNA polymerase, the enzyme cannot initiate 
new chains without a primer. The second is that the enzyme can only 
extend chains in the 5' - 3' direction; the requirement for a 3' 
hydroxyl terminated primer chain is absolute (Kornberg, 1969). 	In 
fact, both of these properties are shared by all 20 or more DNA poly-- 
merases of viral, bacterial, and animal origin isolated to date 
(Scheckmanetal., 1974). 	There are two far reaching implications 
of these facts. 	Since both strands are replicated simultaneously 
at the same fork, the synthesis of the nascent strand whose overall 
direction of synthesis is 3' - 5' must proceed discontinuously via 
the synthesis of short fragments (Okazaki fragments) which are later 
Joined by DNA ligase. Moreover, since DNA polymerases cannot ini- 
tiate chain synthesis, each such fragment must be initiated by an RA 
primer. Both of these implications have now been conclusively 
demonstrated for E 	1i DNA replication (Ogaw.etal., 1977). 
Thus, the process of DNA replication,that had seemed so beauti-
fully simple in the immediate post-Watson and Crick era, now appears 
much more complex; for, besides needing a new function for primer 
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initiation and synthesis, others are required for its eventual ex-
cision, filling the gaps left by such excision, and joining the 
adjacent fragments. 	Indeed, by this time there were already clear 
indications from studies of mutants of bacteriophage T4 that no less 
than 6 different proteins were required for the replication of the T4 
chromosome (Epstein'etal., 1963). 	An equally complex picture has 
now emerged from the genetic analysis of E. coli DNA replication 
(Gefter, 1975). 
Ironically, even our conception of the role of DNA polymerase I 
has completely altered during this reappraisal. 	Its role as the 
enzyme responsible for chain propagation at a replication fork was 
first questioned by the discovery that its turnover number under the 
best conditions in vitro is two orders of magnitude below that necessary 
to maintain the rate of DNA chain propagation estimated from studies 
invivo (Manor etal., 1971). This was confirmed by the discovery 
that mutants defective in poi I activity are not defective in chain 
propagation (De Lucia and Cairns, 1969) but in the joining of Okazaki 
fragments (Kuempel and Veomett, 1970). 	It is now believed that the 
enzyme is responsible for the excision of RNA primers and subsequent 
filling of gaps left by such excision (Lehman and Uyemura, 1976). 
The now recognised complexity of DNA replication has only begun 
to be properly resolved with the study of in vitro cell free systems 
capable of supporting true semi-conservative DNA replication in con-
junction with the analysis of mutant phenotypes and their enzymatic 
defects. Attempts, so far, to understand exactly how nascent DNA 
chains are initiated and elongated have been greatly aided by the 
study of more simple viral systems which are dependent upon host 
enzymes for their replication. In investigations of the bacterial 
chromosane, in vitro DNA replication can only be observed with perm-
eable cells or crude lysates (e.g. Klein and Boenhoffer, 1972). How-
ever, it has been possible to prepare a completely soluble enzyme 
extract of E. coli which will support the conversion of various single 
strand bacteriophage (e.g.X174, M13 and G4) to their double stranded 
replicative form (Schekmanetal., 1974). 	This system has been re- 
solved into its individual components, and at least 12 host gene 
products have been identified with separate roles in the conversion 
process. But, even here, "what once appeared to be a simple DNA 
polymerase mediated conversion of a single strand to a duplex circle 
(Goulian and Kornberg, 1967) is now seen as a complex series of events 
in which diverse multienzyme systems function" (Schekmanet'al, 1974). 
For instance, none of the several gene products required for just the 
initiation of the conversion process of the above viruses are shared 
by all three viruses, yet all are products encoded by the host cell 
genome. 
In retrospect, there is a certain irony in the early comments of 
Watson and Crick (1954) on the genetical implications of their proposed 
structure of DNA. In a discussion of the two functions that the 
genetic material must fulfil, that it must duplicate itself and exert 
a highly specific influence on the cell, they wrote "our model for 
DNA suggests a simple mechanism for the first process, but at the moment 
we cannot see how it carries out the second one". 	In fact, whereas 
work on RNA polymerase during the last ten years has explained most of 
the physiological features of transcription (Chamberlin, 1974), the 
resolution of DNA replication is only just beginning to emerge for the 
more simple prokaryotic systems. 
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The coinplex.picture that has so far emerged concerning the re-
plication of prokaryotic chromosomes is described in the next section. 
This is followed by a comparative description of DNA replication in 
eukaryotic organisms. 
The replication of prokaryotic chromosomes 
The genetic analysis of DNA replication in E. coli has revealed 
that, besides those involved in its control, the overall process re-
quires more proteins than have been identified by in vitro biochemical 
analysis. 	Conversely, biochemical analysis has implicated several 
proteins that have not yet been revealed by genetic analysis. 	In all, 
at least 22 proteins must be involved. The functions of DNA repli-
cation can be ordered into 4 groups: initiation, fork movement, 
joining and termination. 
The initiation of DNA 'replication 
At least 7 gene products are required for the initiation of E. 
coil chromosome replication: RNA polymerase (Lark, 1972), and the 
products of the dna A (Wechsler and Gross, 1971), dna B (Zyskind and 
Smith, 1977), dna C(D) (Wechsler and Gross, 1971), dna H (Sakai 'etal., 
1974), dna I (Beyersmann 'et'al., 1974), and dna P (Wada and Yura, 1974) 
genes. 
Initiation takes place at a unique site on the chromosome, the 
replication origin, which is at about 70 min on the genetic map (Bird 
• et'al., 1972). 	It is thought that the membrane plays an important 
role in the process (O'Sullivan and Sueoka, 1972). 	Protein synthesis 
is required for initiation. 	However, just prior to the onset of a 
new round of replication, there is a period during which an active RNA 
polymerase is required but protein synthesis is not. An origin RNA 
has been discovered (Messer et'al., 1975), though it is not yet known 
whether this RNA is necessary as a primer for DNA chains or as a 
structural element of the replication machinery (Gefter, 1975). Se-
quencing experiments indicate that the dna A gene product is involved 
in a step prior to or directly involved in the synthesis of the origin 
RNA, whereas the dna C gene product is involved in a later step which 
alters the conformation of replicated chromosomes as well as being 
necessary for the first polymerisation event (Zyskind et al., 1977). 
It has been suggested recently that there are two separate stages of 
origin RNA synthesis, one mediated by the dna B gene product and the 
other by the dna A gene product. RNA polymerase is presumed to be 
involved in both (Zyskind et al., 1977). 	The roles of the other gene 
products are at present obscure. dna P-lB was isolated as a mutant 
resistant to phenethyl alcohol and it has been suggested that one of 
the membrane proteins is affected (Wada and Yura, 1974). 	In general, 
the study of initiation has been frustrated by a lack of an 'in vitro 
system in which it can be studied.. 
Physiological experiments have suggested that bacteria have to 
attain a critical mass for the initiation of DNA replication (Donachie, 
1968). 	Models for such a process invoke either positive (Jacob'et 
• al., 1963) or negative control (Pritchard etal., 1969). 	Results on 
the compatibility of hybrid plasmids are only consistent with the 
latter (Cabellô'etal., 1976). 
'Movement of 'the replication fork. 
Once initiated, replication of the bacterial chromosome proceeds 
bidirectionally (Masters and Broda, 1971; Prescott and Kuempel, 1972). 
The two replication forks move in opposite directions at an equal 
speed, converging at about 25 Min on the genetic map. Both parental 
strands are replicated simultaneously (Cairns, 1963). 	Genetic analysis 
has revealed that at least 5 gene prcducts'(dnaB, E, F, G, Z) are 
necessary for fork movement and'biochemical studies'in'vitro have impli-
cated, at least, a further 5 proteins not identified by the genetic 
analysis: The w protein which relaxes positive supercoiling of the 
double helix, DNA gyrase which causes negative supercoiling of the 
helix, DNA binding (unwinding) proteins which promote denaturation of 
the parental DNA strands in preparation for DNA synthesis directed by 
them, and two DNA elongation factors DNA EF I and DNA EF III which are 
necessary for chain elongation by DNA polymerase III. None of the 
above genetic loci code for these latter proteins and it remains to 
be seen by genetic .analysis whether they are really necessary for DNA 
replication in vivo. The locus for DNA gyrase has been identified 
by a mutant resistant to novobiociin (an inhibitor of DNA synthesis), 
and the enzyme is probably essential for DNA replication (Gellert et 
'al., 1977). ' 'dna F codes for ribonucleoside diphosphate reductase 
(Fuchs etal., 1972). 
The present conception of replication fork movement is as follows. 
At the junction of the fork, the parental strands are unwound by the 
DNA binding proteins (Alberts and Frey, 1970: Sigal'et'al., 1972). 
The strain imposed by this unwinding will cause a positive supercoiling 
of the unreplicated double helix in front of the replication fork. 
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This may be relieved by the w protein which simply relaxes positive 
supercoiling (Wang, 1971) or by a counteracting negative supercoiling 
caused by DNA gyrase (Gellert etal., 1977). 	The latter may also aid 
unwinding of the double helix by inducing local regions of negative 
supercoiling in advance of the replication fork. Sites are now 
available for the initiation of Okazaki fragments. This probably 
involves in' Situ synthesis of an RNA primer mediated by the dna G and 
'dna B gene products. Both these products have been isolated by com- 
plementation assays (Gefter, 1975). 	The dna G protein is a rifampicin 
resistant RNA polymerase (Zech 'etal., 1976), and is probably respons-
ible for primer synthesis. The role of the dna B protein is at 
present obscure (Zyskind and Smith, 1977). The extension of primers 
by DNA polymerase III (the product of the dna E gene) is a complicated 
process involving also the 'dna Z protein and the DNA elongation factors 
I and III (Wickner, 1976). _A complex containing the dna Z protein 
and the DNA EF III catalyses the formation of a complex between DNA EF 
I and the template/primer in a process requiring ATP or dATP. DNA 
polyrnerase III now joins this complex and in conjunction with DNA EF I 
is responsible for DNA chain extension in the 5' - 3' direction, a 
process probably aided by the DNA binding proteins (Geider and Kornberg, 
1974). 	DNA chain extension on the 5' - 3' parental strand must be 
discontinuous and' DNA polymerase III and DNA EF'I will dissociate from 
the template on reaching the previous Okazaki fragment. DNA chain 
extension on the 3' - 5' parental strand is also discontinuous (Louarn 
and Bird, 1974). 	Here, elongation of DNA strands occurs in the same 
direction as fork movement and thus could continue without interuption. 
The observed discontinuity implies that either an RNA primer is 
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occasionally initiated ahead of the advancing chain, causing dis-
sociation of Pol III, or elongation by Pol III may be more rapid than 
fork movement, causing dissociation of Pol III and an opportunity for 
RNA primer initiation to take place as the fork migrates. 
Joining of Okazaki fragments 
On the 5' - 3' parental strand, the fragments generated by the 
movement of the replication fork are short stretches of DNA approxi-
mately 1000 nucleotides long with a short RNA primer at the 5' end 
(Ogawa et al., 1977). 	The 5' - 3' exonuclease activity of DNA poly- 
merase I (the pol A gene product) is responsible for the excision of 
a part, if not all, of this primer and its 5' - 3' DNA polymerase 
activity is responsible for DNA chain extension from the 3' DNA end 
of the next fragment. RNase H may also play a role in the excision 
of the RNA (Gefter, 1975). 	When the above process is complete, DNA 
ligase is required for the formation of a single phosphodiester bond 
between the 3' hydroxyl terminus of the Pol I extended younger fragment 
and the 5' phosphoryl terminus of the now primer-less older fragment. 
DNA ligase may also play a role in controlling the extension of Okazaki 
fragments by Pol I Millen et al., 1975). 	The conversion of nascent 
DNA fragments on the 3' - 5' parental strand to high molecular weight 
form probably requires identical steps as described above. 
There is now evidence that the process of DNA joining during re-
plication of E. coli chromosomes not only involves the joining of the 
relatively small Okazaki fragments but also a much larger 38 S inter -
mediate. It has been suggested that the nal A gene product is 
involved in this process (Crumplin and Smith, 1976). The 4 S fragments 
generated insof (dna S) mutants are due to the excision of the 
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abnormally high levels of uracil residues incorporated into the nas-
cent DNA of these mutants (Tyeet . al.., 1977), and therefore do not 
represent yet another precursor stage. 
Termination of chromosome duplication 
Bacterial chromosomes are circular and may thus require rather 
special mechanisms in order to separate. 	Cefter (1975) has proposed 
a model for this process. It is not clear how many of the proteins 
of DNA replication will be exclusively involved. 	Certain endonucleases 
are undoubtedly essential for the task. 
The replication of eukaryotic chromosomes 
The initiation of DNA replication 
There is considerable evidence of cytoplasmic involvement in the 
initiation of S phase in eukaryotic organisms. 	Independent nuclei 
in multinucleate cells generally initiate DNA synthesis simultaneously 
(Johnson and Rao, 1971). This is not only true for naturally multi-
nucleate systems, such as Physarur -t (Nygaard et al., 1960), but also 
for heterokaryons formed from the fusion of cells from quite different 
species (Harris et al, 1969). 	In the latter case, despite synchrony 
of initiation, the nuclei retain their characteristic S phase durations 
(Graves et al., 1972). 	However, there are exceptions to the rule of 
synchrony. For instance, in Tetrahymena the micronucleus and the 
mnacronucleus replicate their DNA at different stages of the cell cycle 
(MacDonald, 1962). 	Mitochondrial DNA is generally not replicated in 
synchrony with that of the nucleus (e.g. Williamson and Moustacchi, 
1971). 
Cytoplasmic involvement in the initiation of DNA replication has 
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been investigated by the fusion of cells from different phases of 
the cell cycle. The studies of Rao and Johnson (1970) on the fusion 
of Hela cells suggest that S phase cells contain an inducer which may 
advance the initiation of DNA synthesis in Gi nuclei but not that in 
G2 nuclei. 
The existence of an inducer of DNA replication has also been 
suggested by the results of nuclear transplantation experiments (e.g. 
Grahametal., 1966). 	Gurdon (1967) has shown that the factor in 
frog egg cytoplasm that induces DNA synthesis in implanted nuclei is 
absent from immature oocytes, but appears in the egg after rupture of 
the envelope of the germinal vesicle at egg maturation. 
The study of induction in vitro has, until recently, been 
hampered by the lack of in vitro systems capable of actually initiating 
DNA replication in quiescent nuclei. Such systems are now available 
(e.g. Jazwinskietal., 1976; Benbow and Ford, 1975), and results ob-
tained from them suggest that one or more proteins are capable of 
initiating DNA replication in nuclei isolated from quiescent tissues 
(Jazwinskietal., 1976). 	These factor(s) can he isolated from a 
variety of different proliferating cells, including yeast (Jazwinski 
and Edelman, 1976), but not from cells that are not proliferating. 
The genetics of initiation has been most extensively investigated 
in the yeastSaccharôiycescrevisiae by Hartwell and his colleagues 
(e.g. Hartwell, 1973; Hereford and Hartwell, 1974). 	The gene products 
of cdc 28, cdc 4, and dc 7 are involved in a causal sequence of events 
leading up to initiation. Mutants in these genes, when incubated at 
the restrictive temperature for a cell cycle, no longer contain the 
activity that induces in vitro initiation (Jazwinski and Edelman, 1976) 
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which suggests that the inducer of DNA replication is only made after 
the last step of the sequence, that is, the step performed by the cdc 
7 gene product. 
Thus, most evidence implies that the initiation of DNA replication 
in eukaryotic organisms is under a positive control (Johnson and Rao, 
1971). 	This is in contrast to the situation in prokaryotes, where 
it is thought that a negative control may operate on initiation 
(Cabello et al, 1976). 
The replication of eukaryotic chromosomes 
DNA replication 
The chromosomes of eukaryotic organisms are, in general, much 
larger than those of bacteria, though, those of yeast are an exception. 
Moreover, the rate of their replication fork movement is approximately 
30 times slower, a fact that may be due to the necessity of major his-
tone reorganization. Consequently, it is found that the replication 
of each chromosome is undertaken by many replicons, as opposed to a 
single one in bacteria. This multiplicity of replication forks en-
sures that S phase is usually confined to a fraction of the cell di-
vision cycle, and the problem encountered by bacteria when growing 
with a generation time shorter than the minimum replication time of 
its chromosome (Cooper and Helmstetter, 1968) is always avoided. 
During cell division in Drosophila cleavage nuclei, S phase may be as 
short as 3.5 mm., even at 24 °C (Kriegstein and Hogness, 1974). 
In each replicon, DNA replication starts at an origin" and 
proceeds bidirectionally until each fork reaches its "terminus". 
Different replicons are active during different stages of S phase 
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though it is not known for sure whether origins or termini are fixed 
from one generation to the next (Ederiburg and Huberman, 1975). 	In 
particular cases this is known not to be true, For instance, the 
distance between active origins in'Drophi1a can vary from 2.7 pm in 
early embryos to 13.6 pm in cells grown in culture (Blumenthal et al., 
1973). 
Eukaryotic chromosomes, unlike those of bacteria, are thought to 
be linear (Kavenoff and Zimm, 1973). 	Since DNA polymerases can 
neither extend chains at all in the 3' 7 5' direction nor extend chains 
in the 5' - 3' direction without a primer with a 3 terminus, special 
mechanisms must exist for the terminal replication of 5' ends of dis-
continuously replicated DNA strands. Models for such a process re-
quire either temporary formation of a circle via redundant terminal 
sequences, as in various bacteriophages with linear chromosomes, or 
the use of palindromes within or at the end of the linear sequence 
(e.g. Heurnann, 1977). 	It is not known whether this problem is en- 
countered for the terminal replication of each replicon or just that 
of each chromosome. 
Pulse labelling experiments suggest that DNA replication is dis-
continuous, proceeding via Okazaki fragments. The estimates for 
their size vary, but more recent ones are 50 to 150 nucleotides long 
(e.g. Gautschi and Clarkson, 1975). 	This is an order of magnitude 
smaller than those found in prokaryotes and it has been suggested 
that the initiation of Okazaki fragments is regulated by the nucleo- 
some structure of eukaryotic chromosomes (Hewish, 1976). 	It is not 
yet known, for chromosomal systems, whether both strands or only the 
5' - 3' parental strand are replicated in a discontinuous manner 
(Edenburg and Huberman, 1975). There is evidence that RNA is 
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covalently attached to the 5' end of Okazaki fragments (e.g. Waqar 
and Huberman, 1975), implying that chain initiation, as in prokaryotes, 
involves an RNA primer. 
The chromosome of all eukaryotic organisms are distinguished by 
their characteristic association between DNA and histones in the form 
of nucleoses (e.g. Lohr etal., 1977). 	In this respect they differ 
radically from prokaryotic chromosomes and it may be expected that the 
properties of their replication differ accordingly. 	In fact, in the 
aspects discussed above, chromosomal DNA replication in eukaryotes, in 
general, conforms to the prokaryotic model. 	It is similarly bi- 
directional and discontinuous. However, it may differ in its require-
ments for protein synthesis. In bacteria, the movement of replication 
forks is independent of protein synthesis, but it has been suggested by 
Weintrub (1972) that, in some cases at least, the movement of eukaryotic 
replication forks is dependent on histone synthesis. However, there 
is strong evidence that in some eukaryotes this is not so. For 
instance, DNA replication in the yeast S. cerevisiae, once initiated, 
can be completed in the presence of cyclohex&mide at concentrations 
high enough to inhibit all protein synthesis (Hereford and Hartwell, 
1973; Williamson, 1973). 	Therefore, fork movement in eukaryotes is 
unlikely to be generally dependent upon histone synthesis per se
, but, 
if anything, simply on the availability of histones for packaging the 
nascent DNA. 	In some tissues there may be no pools of free histones 
and fork movement is thus limited bydenovc synthesis. 
Many enzymes suspected of involvement in DNA replication have 
been studied in eukaryotic organisms. 	In mammalian cells, there is 
widespread agreement that, analogous to bacteria, three different DNA 
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polymerases (a, f, y) can be distinguished in addition to a mito-
chondrial enzyme (.Weissbachetal., 1975). 	Simple eukaryotes may 
differ in the number of distinct DNA polymerases that they possess. 
S. cerevisiae is reported to possess two discrete DNA polymerases 
as well as a discrete mitochondrial enzyme (Wintersberger, 1974), 
whilst Tetrahymena pyriformis (Crerar and Pearlman, 1974) and Ustilago 
maydis (Jeggo and Banks, 1975) seem to possess only a single activity, 
The genetic locus for the latter has been identified (Jeggo et al., 
1973), but this has not been achieved for any of the former enzymes, 
and therefore it is possible that some forms are derived from others 
after their synthesis. 	Similarly, two DNA ligases have been character- 
ized in mammalian cells (Söderhäll and Lindahi, 1976). 	Single strand 
DNA binding proteins have been identified in calf thymus (Herrick and 
Alberts, 1973) and in U. maydis (Yarrantonetal., 1976). 	Proteins 
that catalyse the removal of either negative or positive supercoils 
from DNA have been isolated in mammalian cells (Champoux, 1976). 
In most enzymological studies, there is little evidence concerning 
the functional role of the enzymes in vivo. This has mainly been due 
to the lack of genetic analysis. Most clues concerning in vivo 
function of enzymes are restricted to an analysis of their pattern of 
activity through the cell cycle (e.g. ,Spaderi and Weissbach, 1974). 
In the case of the mammalian DNA polymerases, attempts have been made 
to assign specific roles on the basis of their differing affinities 
for deoxynucleoside triphosphates. For instance, it has been sug-
gested that the y polymerase is implicated in the synthesis of 
Okazaki fragments whereas the cx and enzymes are involved in repair 
and gap filling (Edenburg and Huberman, 1975). 
The genetic analysis of DNA replication in eukaryotes is - now 
under way. Temperature sensitive mutants which are defective in 
DNA replication have been isolated and partially characterized in 
several mammalian cell lines (Sheinin, 1976; Slater and Ozer, 1976). 
The genetic analysis of mutants has so far progressed furthest in 
Fungi. Several genes concerned with DNA replication have been 
identified in the yeast S.; cerevisiae (Hartwell, 1971, 1973) and a 
genetic locus coding for a DNA polyinerase necessary for growth has 
been discovered in U. maydis (Jeggoetal., 1973). 	However, these 
studies have not yet provided any significant insights into the mole-
cular mechanism of DNA replication in eukaryotes. 
Methods of analysis 
The history of the investigation of DNA replication in E. coli 
and its viruses has taught us the dire necessity of accompanying bio-
chemical analysis with evidence oninvivo function. The saga of 
the role of DNA polymerase I is a classic example. This enzyme was 
discovered and its mechanism characterized biochemically in the late 
1950's. 	It was thought to be the enzyme responsible for chain ex- 
tension at the replication fork. Later, it was even suggested that 
it was a dispensable enzyme involved only in the repair of DNA damage 
(Werner, 1971). 	An appreciation of its indispensable role in the 
joining of Okazaki fragments has only emerged in the last two years 
with the discovery of ts lethal mutants in its structural gene 
(Lehman and Uyemura, 1976). 	In this next section I will briefly 
describe the general means whereby the molecular basis of DNA re-
plication can be studied in a functional context. 
Fundamentally, there are two means by which it is possible to 
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study the biochemistry of DNA replication in a functional context; 
the study of in vitro systems which can support a form of DNA repli-
cation which is analogous to that which occurs in vivo and the study 
of mutants. 	If possible, these two methods should be used in con- 
junction. 
In order to study the biochemistry of replication in a functional 
context in vitro without the aid of mutants, it must be possible to 
achieve an authentic and complete reconstruction, from its components, 
of a system which is capable of biological function. The latter may 
be the true semi-conservative replication of chromosomal DNA or the 
conversion of single strand viruses, such asX174, to their double 
stranded replicative form. A major problem in such studies is esta-
blishing that the reconstruction achieved in'vitro is homologous to 
the invivo system, even though it is known to complete a biological 
function. For example, the reconstructed multienzyme system for the 
replication of the single stranded E. 'coli virus M13, which involves 
RNA polymerase in the initiation of DNA chain propagation, will also 
support the in vitro replication of the related virusX174. However, 
the replication of the latter'in'vivo, unlike that of M13, is in-
sensitive to rifampicin, an inhibitor of RNA polymerase. "Evidently, 
a discriminating factor present in the crude system has been lost 
upon resolution and purification of the enzymes" (Schekinan'et'al., 1974). 
Thus, althoigh it has been shown that RNA polymerase will fulfil a 
biological functicn'in vitro, it is not valid to assume that this also 
occurs 'in vivo. 
Reconstruction from components, in general, requires that the 
replicative system be soluble. Such systems have so far only been 
developed for the replication of the single stranded phages of E. 
coli which are totally dependent upon the host enzymes for their re- 
plication. Even here, their development has relied heavily on the 
availability of mutants. The most promising eukaryotic candidates 
that may be amenable to a biochemical reconstruction are the systems 
capable of sustaining complete replication of polyoma or SV40 chromo-
somes (e.g. Francke and Hunter, 1974). 
Reconstruction has not been possible with the membranous, im-
mobilized lysates (Schaller etal., 1972) which support in vitro re-
plication of the bacterial chromosome. Nor is it likely that any 
system supporting chromosomal, as opposed to viral, replication will 
be amenable to complete reconstruction in the near future. A more 
direct handle on function is necessary, and, in this context, the 
study of genetic mutants is indispensable. 
The value of isolating and analysing mutants is twofold.. First, 
mutants are invaluable in ascertaining the function invivo of an 
enzyme activity already characterized invitro. If a mutant enzyme 
is available, then the consequence of a defect in its activity may 
be investigated by a physiological analysis of the behaviour of the 
mutant invivo. The case history of DNA Polymerase I is a good 
example of this principle. The eventual assignment of Pol III as 
the enzyme responsible for chain elongation was only achieved by the 
realization that it was the product of th dna E gene, whose mutants 
immediately cease replication on shift to the restrictive temperature 
(Tait and Smith, 1974). 	However, there are also problems in this 
approach. 	In general, the observation that a mutant with a defect 
in a particular enzyme is lethal under restrictive conditions can be 
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unambiguously interpreted as meaning that the enzyme is essential. 
On the other hand, the converse observation, that a mutant with a 
possibly equally severe defect in enzyme activity is not lethal, is 
difficult to interpret; enzyme activityin vitro and in vivo may 
differ considerably, and it is always possible that there is enough 
residual activity in vivo for the completion of the relevant bio-
logical function. Again, the case history of Pci I provides a good 
example of this problem. 	In 1969 De Lucia and Cairns isolated a 
fully viable mutant, pol Al, which contains only 1% or less of the 
normal activity in vitro. 	This was interpreted as meaning that the 
enzyme was dispensable (Werner, 1971). 	However, ts lethal mutants 
in the pol A gene have been subsequently isolated (Olivera and 
Bonhoeffer, 1974; Konrad and Lehman, 1974), refuting the former inter-
pretation. Fully viable DNA ligase mutants with less than 1% of the 
normal in vitro activity have also been isolated (Gellert and Bullock, 
1970). 
This valuable role of mutants in ascertaining the true function 
of an already known enzyme activity may be achieved by two different 
approaches. The first involves specifically searching for a mutant 
with abnormal enzyme activity, as did De Lucia and Cairns (1969), and 
then studying its properties invivo. The second involves the blind 
(or possibly enriched) isolation of many mutants which are defective 
in DNA replication and then guessing their specific enzyme defect 
from clues obtained by their physiological behaviour invivo. An 
example of the latter process is the isolation and characterization 
of the ts lethal mutant of E ôli, 	ts 7, which contains a 
mutation in the structural gene for DNA ligase (Pauling and Hamm, 1969). 
22. 
The second major value of mutants lies in the ability to discover 
new, and possibly unimagined, components of the replication process 
by the blind isolation of conditional mutants which are defective in 
DNA replication for some reason or another. Genetic analysis of 
such mutants, by recombination-and complementation, will reveal the 
number of genes identified. The wild type gene products may be iso- 
lated on the basis of their complementation of mutant in vitro systems, 
which, when prepared from wild type cells, are capable of semi-
conservative DNA replication. A final criterion often used in the 
identification of the gene product is that it be thezolabile when 
prepared from ts mutants. Completely unknown proteins with as yet 
unknown functions which are necessary for DNA replication may be iso-
lated by the above method. Once the gene product is purified, it may 
then be possible to ascertain its precise function. The cellophane 
disc system which supports the semi-conservative replication of the 
bacterial chromosome has been used extensively for this purpose. 
Both the dna B and dna G proteins were isolated by these means 
(Schaller et al., 1972). 
However, there are also limitations to the isolation of gene 
products by complementation assays. 
The thermosensitive product is always present and may be 
stabilized by a variety of nonspecific compounds or proteins. 
The mutant extract may be deficient in more than one activity 
due to pleiotropic effects of a single mutation. 
Although it is usually possible to identify a gene product 
by a complementation assay, it may not always be possible 
to ascribe an enzymatic function to the protein. For 
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instance, the function of the dna B protein is still obscure, 
even though it has been identified. 
(4) There are sane so called "cis acting" proteins which cannot 
be purified in this way, because they do not diffuse freely 
from the DNA which encodes them (e.g. Reuben and Gefter, 1974). 
A genetic approach to DNA replication in eukaryotes 
It should be clear from the above discussion that the most im-
portant factors for a meaningful biochemical analysis of DNA replication 
are: (a) the ability to isolate genetic mutants with clearcut pheno-
types, (b) the ability to undertake their genetic analysis, and 
(c) an in vitro system for their biochemical analysis. 	In most 
systems employed for the analysis of DNA replication in eukaryotic 
organisms both (a) and (b) have been notably lacking. 
In mammalian cells, the problem of diploidy represents a formidable 
obstacle to the isolation of recessive mutations. In general, dominant 
mutations are not only rare but also exceptional. Nevertheless, 
mutants defective in the process of DNA replication have been isolated 
and partially characterized in several diploid or near diploid cell 
lines (e.g. Sheinin, 1976; Slater and Ozer, 1976). 	However, the 
phenotypes of these mutants are generally not clearcut and they may 
be difficult to resolve further. Genetic analysis is of course dif-
ficult, especially for dominant mutants for which complementation by 
cell fusion is not possible. Hypo-diploid cell lines are now 
available (Bostocketal., 1977) and should prove useful for the iso-
lation of recessive mutants. In fact, although the problem of ploidy 
is significant, it is not overwhelming. 	For instance, several re- 
cessive metabolic mutants have been isolated in diploid cell lines 
24. 
(Thompson and Baker, 1973). 
The isolation of conditionally lethal mutants has been most 
successful in "simpler" eukaryotes where there is a naturally occurring 
haploid vegetative cycle. Fungi are particularly amenable because of 
their well established genetic procedures. 	It is in this respect 
that the study of DNA replication in the Endomycetales (yeasts) is of 
particular value. Yeasts are unicellular organisms, they grow 
rapidly, and are easy to clone, handle and store. They are readily 
adaptable to replica plating, micromanipulation, and an array of bio-
chemical procedures (Mortimer and Hawthorne, 1969). 	Furthermore, 
they generally have both haploid and diploid life cycles, and both 
complementation and recombination analysis are straightforward, con-
siderably easier, in fact, than in E. coli. An additional genetic 
bonus in the form of tetrad analysis is also available. Therefore, 
yeast are eminently suited for the isolation of genetic mutants and 
their genetic characterization. 
In most respects, the organization and replication of the yeast 
genome is extremely similar to that of "higher" eukaryotes. 	The 
chromosomes of yeast, as those of Drosophila (Kavenoff and Zimm, 1973), 
are composed of a single DNA molecule (Petes and Fangman, 1972). 
Their chromatin has a nucelosome structure typical of eukaryotic 
organisms, with a repeat distance of 160 nucleotides, which is only 
fractionally shorter than the 180 nucleotide repeat of mammalian cells 
(Lohretal., 1977). 	The topology of its DNA replication is also 
typical of eukaryotes. Each chromosome contains multiple replicons 
and fork movement proceeds bidirectionally at a rate of 0.7 pm/mm 
(Newlon et al.,, 1974; Petes and Williamson, 1975). 	Indeed, the 
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observation that extracts from dividing yeast cells, but not those 
from certain cdc mutants, can induce the initiation of chromosomal 
DNA replication in frog nuclei implies that certain proteins involved 
in both the initiation and continuation of DNA replication are highly 
conserved throughout the eukar.yotic kingdom (Jazwinski and Edelman, 
1976). 
So far, the genetic analysis of DNA replication in yeast has had 
a promising start. 	In the yeast Sacharomyces cerevisiae, the pro- 
ducts of 2 genes (cdc 8 and cdc 21) are necessary for continued DNA 
replication (Hartwell, 1973). 	The cdc 21 gene product is involved 
in thymidylate metabolism (Game, 1976). 	The products of a further 3 
genes (cdc 28, 4 and 7) are necessary only for initiation of DNA re- 
plication. 	They function in a causal sequence (28 -'- 4 - 7) leading 
up to the first polymerization step. 	It is likely that the gene- 
products of cdc 28 and cdc 4 are not so much involved in the initiation 
of DNA replication as in the early steps of the cell division cycle 
leading up to it. 	It would seem that many more genes remain to be 
identified in the light of results of genetic and biochemical analysis 
of DNA replication in E. coli. 
Schizosaccharomyces pombe 
The work presented in this thesis has been performed on the 
fission yeast Schizosaccharoniyces pmbe. This yeast has been exten-
sively used for cell cycle (Mitchison, 1970) and genetical studies 
(Gutzetal., 1974). 	So far, 14 genes have been identified, whose 
gene products are exclusively involved in the cell division cycle 
(Nurse etal., 1976). 	The cell cycle of S. 	can be divided into 
Gl, S, G2 and M periods. The period of DNA replication takes place 
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at the very beginning of the cycle. 	It is thought that it does not 
occupy more than 10 minutes out of a generation time of 150 mm 
(Bostock, 1970). 	There is then a long G2 culminating in mitosis at 
0.75 - M. Cell division follows with the formation of a septum 
across the middle of the cell and cell separation results, unlike the 
budding yeast s. cereisiae, in the formation of two equal sized 
daughter cells. After mitosis, there is a short Gl before the next 
S phase commences. 
There have been few studies on the nuclear DNA of S. pombe. 
Mitochondrial DNA, whose complexity has recently been studied by 
Tabak et al. (1976), is thought to comprise no more than 5% of the 
total in log phase cells (Bostock, 1969). 	Radiation sensitivity has 
been extensively analysed in S. ppbe, and 22 genetic loci have been 
identified in the repair of DNA damage Nasim and Smith, 1975). - 
The aims of this thesis are, first and foremost, the isolation 
and characterization of mutants defective in DNA replication and, 
second, an analysis of the timing and duration of S phase in S. pombe. 
In order to achieve either of these aims, it has been necessary to 
develop several techniquesnot previously available for the analysis 
of S. jombe DNA. 	The genetic analysis of DNA replication is des- 
cribed in Part I of this thesis, the natural history of S phase is 
described in Part II, and the development of techniques is described 
in the Appendices. 
PART I 
THE GENETICS OF DNA REPLICATION IN'S. 'POMBE 
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CHAPTER .2 
• THE ISOLATION AND GENETIC CLASSIFICATION OF PRESUMPTIVE DNA REPLICATION 
MUTANTS 
Introduction 
All or most mutants defective in DNA replication will be defective 
in essential functions, and therefore have to be isolated as conditional 
mutants. 	This may be achieved by several different means. One of 
the most efficient is the isolation of missense mutations resulting in 
a gene product which is either temperature sensitive (Horowitz and 
Leupold, 1951), osmotically remedial (e.g. Hawthorne and Friis, 1964), 
or pH sensitive (Campbell, 1961). 	Alternatively, it is possible to 
isolate nonsense mutants in strains harbouring a conditional suppressor 
mutation (e.g. Nagata and Horiuchi, 1974). 	Another means is to iso- 
late mutants which, although fully viable, are unusually sensitive to 
radiation damage to their DNA. Many of these mutants are found to be 
defective in functions that are required for both DNA replication and 
repair; for instance, the Pol Al mutant of De Lucia and Cairns (1969) 
and the llig mutant of Pauling and Hamm (1968). 	Presumably, the work 
load imposed upon these functions is greater after heavy doses of 
radiation than during the normal course of DNA replication. 
Mutants have been isolated by many different procedures. Enrich-
ment methods usually rely on. a mutant failing to undergo, under the 
restrictive condition, some form of suicide due to the incorporation 
of harmful DNA precursors; for instance, bromo-uracjl (Bonhoeffer and 
Schaller, 1965) or 3H thymidine (Thompson and Baker, 1973). 	However, 
the viability at the restrictive condition of mutants in certain gene 
functions is frequently very low, and consequently such mutants are 
almost impossible to enrich for directly on the basis of their be-
haviour during the restrictive condition. Alternatively, some DNA 
replication mutants can be enriched for on the basis of mutator or 
antimutator activity. For instance, certain base analogue resistant 
mutants in B. subtilis are altered in their DNA polymerase III 
(Cozarelli and Low, 1975). 	In fact, mutants are frequently isolated 
despite their enrichment procedures1 For instance, the hg ts 7 
mutant of E.'cOli was isolated on the basis of the Bonhoeffer and 
Schaller (1965) method, yet it undergoes several rounds of DNA synthesis 
at the restrictive temperature. 
Non-enrichment methods usually involve the selective mass screening 
of ts clones, though sometimes, as in the case of the De Lucia and 
Cairns (1969) ' 	Al mutant where it was doubted whether the function 
was essential, all mutagenized clones are assayed for a particular 
enzyme. Mass screening may rely on the mutant being radiation sensi-
tive or having the characteristics of a cell division cycle mutant 
(Odc 	e.g. Hartwell, 1971). 
Criteria used-in-the isolation of DNA.rephication.mutants inS. pombe 
The task of isolating mutants in unknown functions in a specific 
process such as DNA replication runs the risk of being, on the one 
hand, too strict in screening and thus eliminating genuine mutants 
whose phenotypes do not correspond to the archetype and, on the other 
hand, too lax and therefore collecting too many mutants to characterize 
properly. An example of the former mistake would be the belief that 
all mutants defective in some aspect of DNA replication would be de-
fective in bulk DNA synthesis. This is not true, for instance, of 
the lig or Pol A mutants of E. coli. 
The broad aim of the project undertaken here in S. pombe was 
the isolation of mutants in all aspects directly involved in DNA re-
plication. Consequently, it was decided not to use enrichment 
methods but to rely on the mass screening of ts mutants and to select 
those fulfilling certain archetypical properties expected of all or 
most DNA replication mutants. The criteria used were simply that 
(1) all DNA replication mutants would not be immediately defective 
in cellular growth, (2) DNA replication mutants would be competent to 
undergo all stages of the cell cycle post S phase and (3) a failure 
to complete DNA replication would prevent the cell undergoing mitosis. 
All these criteria are consistent with the phenotypes of mutants of 
S. cerevisiae which are defective in DNA replication (Hartwell, 1971). 
According to the above criteria, mutants defective in DNA repli-
cation should be recognized as cdc mutants. Such mutants can be 
characterized by two parameters: the execution point, which is the 
stage in the cell cycle after which mutant cells are competent to di-
vide once at the restrictive temperature, and the termination point, 
which is the stage in the cell cycle at which cells eventually arrest 
(flartwelletal., 1971). 	Consider the former. 	S phase is complete 
by 0.05 - 0.1 in the cell cycle of 5; pombe. 	Therefore, the exe- 
cution point of ts cdc mutants defective in DNA replication or its 
initiation should be at or prior to 0.05 - 0.1 in the cell cycle. 
Thus, if an asynchronous culture of a ts DNA replication mutant is 
shifted to the restrictive temperature, then cell division should con-
tinue for a full generation time until a doubling in cell number is 
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achieved. 	Consider the latter. Cells of 5; pombe extend only in 
length as they grow so that cells of t cdc mutants defective in DNA 
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replication should eventually accumulate as elongated cells containing 
a single nucleus with a 1 - 2 C DNA content, depending upon the nature 
of the replication defect. 
The permissive and restrictive temperatures chosen for mutant 
isolation were 25 °C and 36°C respectively. The mean generation time 
of wild type (972 h) growing in complete medium is 3 hours at 25 °C 
and 2 hours at 36 °C (in minimal medium it is 4 hours and 2.33 hours 
respectively). The outline of the mutant isolation scheme is given 
in Fig. 2.1. 	It involves (1) the mutagenesis of cells with nitroso- 
guanidine, (2) the selection of ts clones by replica plating, (3) the 
examination of all such clones under the microscope to select only 
those whose cells show ts elongation, (4) the nuclear staining of 
elongated mutant clones to select only those that accumulate with a 
single nucleus, and (5) a crude analysis of the execution point of 
each mutant to select only those defective in an "early" function in 
the cell cycle. 
Results of mutant isolation 
Four independent mutageneses were carried out (K, L, P and M 
series). 	In all, 1.9 x 10 colonies were screened for temperature 
sensitive growth. Approximately 2% of these were classified as ts 
mutants and were, therefore, further screened under the microscope 
for the morphology of theircells. 	106 mutants specifically defective 
in the mitotic cycle were isolated. 	30 of these had early execution 
points and were therefore classified as presumptive DNA replication 
mutants (see Fig. 2.1). 
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Genetic classification 
These 30 presumptive DNA replication mutants were assigned to 9 
unlinked genes (Table 2.1). None of these genes are linked to any 
of the nuclear division genèscdc 1, 2, 5, 6, 13 and 25. 	Preliminary 
results of crossing representative alleles from each gene to rad 1-1, 
3-136, 9-192, 10-198, 11-414, 15-P, 16-U and 19-M9 indicated that none 
of the genes are linked to any of these rad genes. 
Representative alleles of each gene were shown to segregate 2 2 
in tetrad analyses. 	In fact, all strains were backcrossed to wild 
type at least three times before physiological studies were undertaken. 
During such backcrosses, it was shown that the original isolates of 
three mutants were, in fact, double mutants. 	cdc 17-K42 originally 
harboured a secondary mutation conferring a slight elongation of cells 
at 25°C. 	This mutation segregated out'2 : 2 and its removal had no 
effect on the ts phenotype. 	cdc 10-129 also harboured a minor 
secondary mutation which was similarly removed. 	cdc 24-M44 was 
sterile. This was resolved in a forced mating with mei 1-102 ura 
5-294, in which diploids were selected for growth at 36 °C on minimal 
medium. One such diploid clone was haploidized as described by Gutz 
et al. (1974) and a fertile ts segregant was selected for recombination 
tests, etc. Therefore, the sterility was due to another mutation. 
Nitrosoguanidine is renowned for its induction of double mutants and 
many of the mutants were undoubtedly more healthy after the back-
crossing. 
None of the chromosomal positions of the genes have yet been 
mapped. The results of 142 tetrads of cdc 10-129 crosses suggest 
that cdc 10 is weakly linked to the mating type locus (0.8 map units). 
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Fine structure mapping revealed that the three different alleles of 
the cdc 17 gene are widely spaced on the gene (up to 300 fine structure 
map units apart; see chapter 4) but that three different alleles of 
cdc 10 (129, K28 and PlO) are very close (within 10 fine structure map 
units). 	In three instances, fine structure mapping failed to reveal 
any recombination between mutants of independent origin, suggesting 
that identical base changes had occured on different occasions. 
One advantage of non selective mutant isolation is that it is 
sometimes possible to estimate the total number, of genes involved in 
a process under study from a collection of mutants which itself is 
not exhaustive. However, this is only possible when the distribution 
of mutants in different genes fits a Poisson distribution (Hartwell et 
al., 1973). 
The method of isolation used in this study was virtually non-
selective up to the presumptive ts mitotic mutant stage (see Fig. 2.1). 
The only assumption was that the mutants would not be severely de-
fective in growth. Therefore, all 106 presumptive ts mitotic mutants 
were crossed to representative mutant alleles of 12 of.the 14 genes 
now known to be involved in the control of mitotic cycle functions 
(i.e. those revealed in this study and that of Nurseetal. (1976)), 
and tested for allelism by recombination tests. The results of this 
analysis are presented in Table 2.2. 	Two facts emerge: (1) the 
distribution of mutants within the 12 marker genes is manifestly not 
Poissonian, and (2) at least one half of the presumptive ts mitotic 
mutants are not allelic to any of the genes tested. 	It is therefore 
clear that no reliable estimate of the number of genes involved in 
the S phase of S. pombe can be made from the data and that the method 
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of isolation has not yet exhausted its potential for revealing novel 
mitotic mutants. 
Cell cycle classification of the mutants 
In order to discover at what point inthe cell cycle a mutant 
is defective, an asynchronous culture growing at 25 °C is shifted to 
36°C and the pattern of cell division is observed. 	In theory, if a 
specific event of the cell cycle is immediately disrupted by the temp-
erature shift due to denaturation of the ts gene product, then only 
those cells in the culture that have already completed this event of 
the cycle should be able to divide after the shift. Therefore, the 
execution point of the gene product can be estimated from the proportion 
of cells in the culture that divide after the shift. 	Such a calculation 
must of course take into account the cell cycle age distributionof the 
cells in the culture (Howell, 1974). 	In practice, the pattern of cell 
division in a tscdc mutant after a temperature shift will not only 
depend upon the specific cell cycle event that is disrupted in the 
mutant but also the denaturation kinetics of the ts gene product; that 
is, how rapidly and how extensively it denatures. Two aspects of data 
on cell division in mutants after the temperature shift are relevant 
to this point. The first is that a sharp cell number plateau after 
the initial cell number increase indicates that a rapid and specific 
cell cycle block has been imposed by the temperature shift; i.e. the 
gene product has denatured rapidly and the initial rise in cell number 
only reflects those cells of the culture that do not require a 
functional gene product for division. The second relevant point is 
that if an execution point is corroborated in different alleles of 
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the same gene, then it is likely that the pattern of cell division on 
shift up is due to rapid disruption of the cell cycle event controlled 
by that gene rather than the decay kinetics of its gene product. 
Fig. 2.2 shows that the pattern of cell division on temperature 
shift is sharply biphasic in representative alleles from each gene. 
There is an initial continuation of division by those cells past the 
execution point and then a sudden inhibition of cell division resulting 
from a cell cycle block occurring earlier in the cycle. A summary of 
execution points for each mutant, as calculated from this sort of data, 
is given in Table 2.1. 	It can be seen that the execution points of 
different alleles of the same gene are similar, where available for 
comparison. 
Discussion 
It is evident from the data presented in Table 2.1 that some of 
the functions encoded by the genes identified by the isolation of 
mutants are completed significantly prior to S phase and therefore 
execute in the previous cell cycle. 	It is not known whether the 
completion of these functions (e.g. those encoded by cdc 10, 16, 20) 
is, in fact, dependent on the previous mitosis, with which they almost 
coincide. 	S phase itself is dependent on previous mitosis in S. pombe 
(Nurse etal., 1976), but it is not known whether the events leading up 
to it are similarly dependent.. 
A cell cycle map representing the execution points of all the 
genes now known to be involved in the mitotic cycle of S. pombe is 
presented in Fig. 2.3. It is clear that the execution points of the 
mutants isolated in this study do indeed cluster at or prior to S phase. 
35. 
All the mutants in each of the nine "early" genes identified accumulate 
as uninucleate cells at the restrictive temperature. Therefore, the 
general conclusion of this preliminary cell cycle analysis is that all 
the mutants are defective in functions which are normally completed at 
or prior to S phase and whose bompletion is necessary for the mitosis 
that follows that S phase. 
Fig. 2.1 	The scheme used for the isolation of presumptive ts DNA 
replication mutants. 
The details of the mutagenesis etc., are given in 
Appendix II. 
Fig 2.1 
972 h cells. 
mutagenesi.s with nitroso. guanid.ine. 
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replica plate 25°C to 360C. 
incubate 5-7 Hr. 
cellsstill dividing. ~little or no cell division. 
leaky mutants. 	. 	 strict cell cycle mutants 
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nuclear staining of above cells. 
cells are uninucleate. • 	 cells are 
cell cycle mutants 	 multinucleate. 
defective in the cell cycle mutants 
mitotic cycle. 	• 	 defective only 
ts mitotic mutants.( 106 ). 	 in cell separation 
replica plate 25 C to 36 C. 
process. 
incubate 2 Hr. 
cell division continuing, 	no cell division. 
ts mitotic mutants with ts mitotic mutants with late 
early execution point, 	 execution point. 
presumptive DMA replication 	presumptive mitosis mutants. 
mutant ( 30 ). 	 discarded, 
Fig. 2.2 	The pattern of cell division in mutants shifted to the 
restrictive temperature. 
Cells, growing at 25°C in complete medium, were shifted 
directly to 36°C at t = 0. Cell number was measured as 
described in Appendix II. The data is plotted on an 
arbitary log scale whose unit relation to the actual 
cell number/ml is given within the brackets of the symbol 
key. 
a cdc. 24-M38 (0.57 x 106). 	cdc. 23-M36 (1 x 106). 
A cdc 18-K46 (1.39 x 106).  A cdc 20-MlO (1.11 x 106). 
• cdc 10-K30 (0.885 x 106). 0 cdc 21-M68 (1.24 x 106). 
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Fig. 2.3 	The cell cycle distribution of execution points of mutants 
defective in the mitotic pathway. 
Each arrow represents the mean of execution points of 
each mutant allele of a gene. The data on the"nuclear 
division" genes cdc 1, 2, 5, 6, 13, and 25. is drawn from - 
Nurse et al., (1976). - 
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Table 21 Genetic and'cell cycle classification of mutants. 
Gene allocation was performed by recombination and comple-
mentation tests as described by Guetal., (1974). Dominance 
recessivity was performed as described by Nurse et al., (1976). 
Standard genetical procedures, as described by Gutz et al., 
(1974), were used throughout. The numbers in brackets under 
'Allele' shows the number of separate alleles as indicated 
by significant intragenic recombination. If two or more 
mutants within a gene showed no intragenic recombination, 
then they were given the same number. The larger scale 
brackets indicate that full complementation tests have been 
performed with constructed diploids as described in 
Appendix II. The execution points were determined as 
described in the text. All the mutants, except M45 and P1, 
grow with the same mgt ar972h  at 25°C. None of the 
mutants will form colonies at 36°C. CM and MM denote 
whether the execution point was determined on cells 
growing in complete or minimal medium. Most execution points 
are accurate to within 0.05 of a cell cycle. 
Table 2.1 
Gene Strain Allele Segregation Dominance Execution point 
CM MM 
cdc 10 129  2:2 recessive -0.33 -0.1 
K28  2:2 
- -0.23 
K30 (1) - 
- -0.31 - 
P2  - - 
- -0.15 
P10 (3) 2:2 - 
- -0.1 
9 other alleles unanalysed 
P3, Ml, M4, M15, M17, M47, M52, M71 1  M65 
cdc 17 K42 (1)1 2:2 recessive +0.04 - 
M75 (2).- 2:2 - 
- +0.03 
L16 (3)J 2:2 - - - 
cdc 18 K46 (1) 2:2 recessive -0.23 - 
cdc 19 P1 (1) 2:2 recessive - -0.1 
cdc 20 M10 (1) 2:2 recessive -0.25 - 
P7 - - 
- -0.14 
M31 - - - - 	 - 
cdc 21 M68 (1) 2:2 recessive -0.02 - 
cdc 22 M45 (1) 2:2 recessive +0.03 - 
cdc 23 M36 (1) 2:2 recessive +0.03 - 
M30 - - - - 
cdc 24 M38 (1) 2:2 recessive +0.05 - 
M44 (1) 2:2 recessive +0.08 +0.08 
Kl - - - - - 
M81 - - - - - 
Table 2.2 Genetic analysis of all 106 ts mitotic mutants. 
Each of the 106 ts mitotic mutants (see Fig. 2.1) were 
crossed to mutant allele: of each of the 12 marker genes. 
Recombination was tested as described in Appendix II. If 
less than 500 wild type recombinants per 
10  
spore: 
resulted from a cross, then the unknown mutant was class- 
ified as a member of the relevant marker gene. 
Table 2.2 

















THE PHYSIOLOGICAL CHARACTERIZATION OF MIJI'ANTS 
Introduction 
All the mutants described in the last Chapter appear to be de-
fective in functions which are normally completed either prior to or 
during the S phase period of the cell cycle. These mutants may be 
defective in the initiation of DNA replication, the process of DNA 
chain elongation, functions necessary only for the formation of high 
molecular weight DNA, or even functions necessary only for mitosis. 
These different possibilities have been investigated in this Chapter 
by an analysis of the causal inter-dependency between the completion 
of the functions which are temperature sensitive and the completion of 
DNA chain elongation.* 
The subject of causal inter-dependency between different develop-
mental events has been previously discussed in some detail by Jarvick 
and Botstein (1973) for bacteriophage development and by Hereford and 
Hartwell (1974) for the events in S. cerevisiae that lead up to the 
initiation of DNA replication. Consider two events A and B that are 
completed at a similar stage of the cell cycle. There are four types 
of dependency relations between these two events: 
(1) If A is completed in the absence of B being completed, and 
* The term DNA chain elongation refers to DNA synthesised at repli-
cation forks (by a system analogous to the Pol III complex in E. :Coli?). 
It does not apply to DNA synthesised during the joining of Okazaki 
fragments or other DNA precursor molecules. Thus, the term refers 
to bulk DNA synthesis during S phase. 
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B is not completed in the absence of A being completed, 
then B is said to be "dependent" on A. 
If B is completed in the absence of A being completed and 
A is not completed in the absence of B being completed, 
then A is said to be "dependent" on B. 
If both A and B are completed in the absence of the other 
being completed, then A and B are said to be "independent". 
If neither A nor B is completed in the absence of the other 
being completed, then A and B are said to be "inter-dependent". 
These relations are represented diagrammatically in Fig. 3.1. 
Thus, in order to establish the type of dependency relation bet-
ween DNA chain elongation and a ts function, it is necessary to discover 
(a) whether DNA chain elongation (DNA.ce) can be completed in the ab-
sence of the ts function, and (b) whether the ts function (ts.f) can 
be completed at the permissive temperature in the absence of DNA 
chain elongation. 	If ts.f is equated with A and DNA.ce with B, then: 
Mutants defective only in the initiation of DNA replication should 
have a phenotype characteristic of dependency relation (1); i.e. DNA.ce 
is "dependent" on ts.f. Mutants defective in the process of DNA 
chain elongation itself should have a phenotype characteristic of de-
pendency relation (4); i.e. DNA.ce and ts.f are "inter-dependent". 
Mutants defective only in the formation of high molecular weight DNA 
should have a phenotype characteristic of dependency relation (2); 
i.e. ts.f is "dependent" on DNA.ce. 	Mutants defective in functions 
not required for any aspect of S phase but for an early event leading 
up to mitosis should have a phenotype characteristic of dependency 
relation (2) or (3); i.e. ts.f is either "independent" or "dependent" 
on DNA.ce. 
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An answer to question (a), the dependence of DNA chain elongation 
on a ts function, has been sought by an analysis of the pattern of 
bulk DNA synthesis in tscdc mutants on shift to the restrictive 
temperature. 	ts mutants defective in the process of DNA synthesis 
may be expected to synthesise little or no DNA at the restrictive 
temperature. 	ts mutants defective only in the initiation of DNA 
synthesis may be expected to continue DNA synthesis for a limited 
period after shift up, during which previously initiated S phases are 
terminated. 	In both cases, it should be possible to observe an inhi- 
bition of DNA synthesis prior to that of cell division. Patterns of 
DNA syntheses have been investigated here by the serial measurement of 
the absolute DNA content of asynchronous and synchronous cultures by 
the diphenylamine method (Burton, 1956; Bostock, 1970). 
In the case of asynchronous cultures, cells growing at 25 °C - are 
simply shifted to 36°C by filtration and resuspension in fresh medium 
at 360C. 	In all mutants, cell division continues at a normal rate 
until at least a doubling in cell number (see Chapter 2), after which 
there is a plateau. Thus, in the search for a DNA synthesis defect, 
the DNA and cell number curves are directly compared. 
In the case of synchronous cultures, the smallest cells of a 
culture grown at 25°C (that is,early G2 cells) are isolated by centri-
fugation in lactose gradients and incubated immediately at 36 °C. 
Consistent with their early execution points, all the mutants studied 
here undergo a synchronous round of cell division during this in-
cubation, which, in wild type, is accompanied by an equally synchronous 
doubling of the DNA content. Thus, here also, • a defect in DNA syn-
thesis may be detected by direct comparison of the DNA and cell number 
curves of a mutant. 
An answer to question (b), the dependence of a ts function being 
completed in the absence of DNA chain elongation, has been sought by 
experiments in which it is asked whether the ts function can be com-
pleted at the permissive temperature while DNA synthesis is stopped 
by a specific inhibitor. 	To do this, an asynchronous culture of a 
tscdc mutant is treated for one generation time at the permissive 
temperature with hydroxyurea, which is an inhibitor of DNA synthesis 
in S. pombe (Mitchison and Creanor, 1971). 	The result of this in- 
cubation is that the whole population of cells will accumulate either 
in S phase or at the GI/S' boundary. 	During this arrest at S phase, 
cells should have the opportunity to complete the ts function, if this 
is possible in the absence of DNA synthesis. Whether they have done 
so can be tested by now removing the cells from the hydroxyurea block, 
but at the same time imposing, by a shift of temperature, a block on 
any further function by the ts gene product. 	If the cells had com- 
pleted the ts function while arrested at S phase at the permissive 
temperature, then the whole population of cells should be able to 
undergo mitosis and cell division at the restrictive temperature on 
release from the S phase block. However, if the cells had been un-
able to complete the ts function while arrested at S phase, then they 
would not be able to divide under these circumstances. 
The main criterion for the valid use of hydroxyurea in these 
experiments is that, while it should impose a strong block on DNA 
synthesis, it should in no way inhibit passage of cells through 
the rest of the cell cycle, if this is possible in the absence of 
DNA synthesis. The data of Mitchison and Creanor (1971) shows 
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that hydroxyurea at 8 mM causes an immediate reduction in the rate of 
DNA synthesis, but a certain degree of recovery occurs after 2/3 of a 
generation time. 	In the experiments described in this Chapter, 
hydroxyurea is used at a concentration of 12 mm. This causes a more 
severe block on DNA synthesis, yet it does not inhibit progress through 
the rest of the cell cycle (Nurse, personal communication). 	If hydrox- 
yurea is added at 12 mM to an asynchronous culture growing in complete 
medium at 25°c, cell division continues for a generation time until a 
doubling in cell number is achieved, after which there is no further 
cell division for at least 3 hours (results not shown). 
The exact nature of the hydroxyurea block in S. pombe is not known. 
An exclusive inhibition of the initiation of S phase is ruled out since 
it causes an almost immediate reduction in the rate of DNA synthesis. 
It is possible that the initiation of new replicons is specifically 
inhibited. However, this explanation is only tenable if DNA synthesis 
in most replicons is completed within a time considerably shorter than 
S phase. 	This is not so in S. cerevisiae (Petes and Williamson, 1975). 
Therefore, it is likely that hydroxyurea actually inhibits the process 
of DNA synthesis itself. 
With this in mind, it must be expected that ts mutants defective 
only in the initiation of DNA synthesis will be able to divide when 
cells, arrested in S phase by hydroxyurea, are released at the re-
strictive temperature in the absence of the inhibitor, whereas ts 
-mutants defective in the process of DNA synthesis itself should be 
unable to divide under these circumstances. 
41. 
Results 
The genetic classification of mutants described in Chapter 2 
revealed 9 genes that code for functions which are completed during 
or prior to the S phase period of the cell division cycle in S. pombe. 
In this Section these 9 "early" genes have been classified into four 
groups according to the combination of answers to the two questions 
posed above. 	That is, (a) whether or not there is a direct in- 
hibition of DNA synthesis in ts mutants on shift to the restrictive 
temperature, and (b) whether or not the completion of the mutant 
function is normally dependent upon DNA synthesis, i.e. whether the 
ts mutant cell continues to complete its ts function at the permissive 
temperature in the presence of hydroxyurea. 
Group I: 	cdc 10, 20, 22. 
Mutants in cdc 10,''c dc 20 and cdc 22 show a direct, though not 
necessarily immediate, inhibition of DNA synthesis on shift to the 
restrictive temperature. Their ts functions are completed in the 
presence of hydroxyurea at the permissive temperature. Their pheno-
type implies that DNA chain elongation is "dependent" on their ts 
functions, and therefore they are classified as being defective only 
in the initiation of S phase. 
cdc 10. 
Mutants incdc 10 have an execution point significantly prior 
to S phase (see Table 2.1). Their pattern of DNA synthesis in an 
asynchronous culture shifted to the restrictive temperature is 
shown in Fig. 3.2. There is a small though significant initial 
increase in DNA content (consistent with the pre S phase execution 
point) and then a prolonged inhibition of DNA synthesis. After 
several hours at the. restrictive temperature some of the cells appear 
to leak through into S phase. Fig. 3.2 also shows that both protein 
and RNA synthesis continue for several generations at the restrictive 
temperature. The reciprocal shift experiment with hydroxyurea (see 
Fig. 3.6) shows that a synchronous division ensues at the restrictive 
temperature after the cells have been released from a hydroxyurea 
block at the permissive temperature. This experiment has been per-
formed with similar results with two different alleles of cdc 10, 
cdc 10 - 129 and cdc 10 -PlO. 
cdc 20. 
The behaviour of cdc 20 mutants is in all respects similar to 
that described above for cdc 10 mutants, except that these mutants 
are more leaky than those incdc 10. 	Fig. 3.3 shows the pattern of 
DNA synthesis in an asynchronous culture of'cdc 20 - 1410 when shifted 
to the restrictive temperature. 	Fig. 3.6 shows the result of the 
reciprocal shift experiment with hydroxyurea. 
'cdc 22. 
cdc 22 - 1445 has an execution point at S phase, rather than 
significantly before it as incdc 10 and cdc 20 mutants. 	Its growth 
rate is slightly slower than wild type at the permissive temperature 
and, despite repeated backcrossing, the cells of this mutant are 
slightly elongated at 25 °C, indicating that it may be partially de- 
fective even at the permissive temperature. 	Therefore, it is 
possible that its relatively late execution point may be due to its 
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"stuttering" over the defective event at the permissive temperature 
causing it to be completed later in the cycle than normal. The 
pattern of DNA synthesis in an asynchronous culture shifted to the 
restrictive temperature is shown in Fig. 3.4. There is an immediate 
reduction in the rate of DNA synthesis, but this does not seem to 
take full effect until 2 hours after the shift. 	It is not known 
whether this exact pattern, the result of a single experiment, is 
significant. 	It did not recur in an experiment with a synchronous 
culture (Fig. 3.5) where early G2 cells incubated at the restrictive 
temperature underwent a synchronous mitosis and cell division but did 
not enter at all the subsequent S phase. Both protein and PNA syn-
thesis continue for several generations at the restrictive temper- 
ature in cdc 22 - M45 (Fig. 3.4). 	The result of the reciprocal 
shift experiment with hydroxyurea is given in Fig. 3.6. The division 
that ensues at 36 °C after release from the hydroxyurea block is not 
as synchronous as that for wild type or mutants of cdc 10 or cdc 20. 
Again, this may not be significant and may just be a result of the 
relatively poor physiological state of this mutant. 	If the 
generation time of'cdc 22 - M45 cells is greater than 3 hours, then 
some of the cells will not yet have accumulated at the S phase block 
by the end of the 3 hour hydroxyurea treatment; hence the division 
that ensues at 36 °C after release from the block will not be as syn-
chronous as otherwise. 
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Discussion of mutants in group I. 
Mutants in cdc 10, 20 and 22 are defective in bulk DNA synthesis 
when shifted to the restrictive temperature. All the data are con-
sistent with this defect being responsible for their pattern of cell 
division on temperature shift. The reciprocal shift experiments 
with hydroxyurea show that these mutants are nevertheless capable of 
undergoing a complete round of DNA replication at the restrictive 
temperature once S phase has initiated. This suggests that they are 
defective in functions involved only in the initiation of DNA repli-
cation and not in progress through S phase itself. 
All methods that demonstrate that a mutant defect is not in re-
plication itself but in its initiation rely on showing that cells, 
once they have initiated S phase, are capable of completing it at 
the restrictive temperature. 	Hartwéll (1971, 1973) achieved this 
by shifting samples of synchronous cultures of mutants gowing at 
the permissive temperature to the restrictive temperature at differ- 
ent times during the progress of the culture. 	At some stage of 
such an experiment, a population of cells may be found that has com-
pleted the initiation event for which it is temperature sensitive 
but has not yet begun S phase. This population will then undergo 
a complete round of DNA replication when shifted to the restrictive 
temperature. The basis of the hydroxyurea experiment performed 
here is identical to the above. The relevant synchronous population 
of cells is simply provided by the hydroxyurea block. 
As already mentioned, it is not known for sure where hydroxyurea 
acts in its inhibition of DNA synthesis in S. pombe. 	It may possibly 
act as an initiation block, though this is unlikely. This does not 
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invalidate the results of the above experiments because what they 
show is that the mutant functions are completed prior to the step 
in DNA synthesis inhibited by hydroxyurea. This of course corro-
borates the early execution points of mutants in cdc 10 and cdc 20, 
which are calculated from cell division data alone and are signifi-
cantly prior to S phase. 
The interpretation of the phenotype of these mutants must, how-
ever, be qualified. A gene product, which is actually involved in 
the process of DNA replication, may be misclassified, on the basis 
of temperature shift experiments with ts mutants, as one involved 
only in the initiation of S phase in at least three different cases: 
A mutant may only be ts for the synthesis of a gene product 
which is actually involved in DNA replication but is syn-
thesised prior to S phase. 
The assembly of a replication complex may be needed at the 
beginning of each round of DNA synthesis. Mutant gene 
products involved in the complex, which cause temperature 
sensitivity of initiation, may be temperature sensitive 
only in the assembly and not in the function of the complex. 
A mutant may have a ts gene product involved in DNA repli-
cation, whose kinetics of denaturation are such that 
temperature shift experiments fail to distinguish it from* 
an initiation mutant. 
There is, indeed, an experimental precedent for one of these 
alternative explanations for the temperature shift behaviour of 
initiation" mutants. The dna B gene product in E. coli is required 
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for replication fork movement (Gefter, 1975). 	It is involved in 
the initiation of Okazaki fragments and may also play a role in the 
initiation of chromosomal replication. Reports on interallelic 
complementation (Lark and Wchsler, 1975) suggest that the native 
enzyme consists of a multimeric aggregate. Most mutants of the dna 
B gene are defective in fork movement but one, dna B 252, is defective 
only in the initiation of DNA replication (Zyskind and Smith, 1977). 
This mutant may be only defective in an assembly event at initiation. 
In the case of the mutants investigated here, the only argument 
that can be raised against these alternative explanations of the 
temperature shift experiments is that, in general, the phenomena des-
cribed above would be expected to be allele specific. 	In the case 
of'cdc 10 and cdc 20, similar results have been found for at least 
two different mutant alleles of each gene, implying that their gene 
products are genuinely only involved in initiation. 	However, there 
is only one mutant allele of'cdc 22. Therefore, the alternative 
interpretations (i.e. (c)) must be borne in mind for this mutant, 
especially in the light of the observed lag before DNA synthesis 
is completely inhibited on shift up of an asynchronous culture (Fig. 
3.4). 
Group II: cdc 21, 23. 
Mutants in cdc 21 and cdc 23 show sane form of direct and al-
most immediate inhibition of DNA synthesis on shift to the restrictive 
temperature. The completion of the functions for which they are 
temperature sensitive is dependent, or only partially so in the case 
of cdc 21, on the completion of the step inhibited by hydroxyurea. 
Their phenotype implies that DNA chain elongation and their ts 
functions are "inter-dependent", and therefore they are classified 
as being defective in the actual process of DNA synthesis. 
cdc 23 
cdc 23 - M36 has an execution point towards the end of S phase. 
The pattern of DNA synthesis in an asynchronous culture shifted to 
the restrictive temperature is given inFig. 3.7. 	It can be seen 
that the defect in DNA synthesis is leaky. It is difficult to judge 
the extent of this leakiness from experiments on asynchronous cultures 
because within a cell cycle at the restrictive temperature the whole 
asynchronous population may have accumulated in S phase due to the 
ts block. 	Therefore, the bulk rate of DNA synthesis of the culture, 
although considerably inhibited within a single cell, may appear - 
large because every cell in the culture is nczi undergoing DNA syn- 
thesis. 	Consequently, the defect was also analysed in a synchronous 
culture (Fig. 3.8). 	Here, early G2 cells are incubated at 36 °C 
and a synchronous cell division ensues, which would normally be 
paralleled by a synchronous doubling in the DNA content. Thus, it 
is possible to compare the expected wild type rate of synthesis 
directly with that of the mutant by comparison of the mutant cell 
number curve with that of the DNA. S phase usually takes about 20 
to 25 minutes in wild type (see Part II of this thesis) but it is 
taking at least 110 minutes longer incdc 23 - M36 at 36 °C. 
	
it is 
not known whether the extensive DNA synthesis that does take place 
in this mutant at the restrictive temperature is qualitatively 
normal but just slowed in its rate or is sane pathological phenomenon 
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which does not result in a true replication of genetic information. 
The reciprocal shift experiment between hydroxyurea and temper-
ature blocks (Fig. 3.11) shows, unambiguously, that the function 
normally completed by the cdc 23 gene product does not take place, or 
is not completed, when DNA synthesis is blocked with hydroxyurea. 
Therefore the cdc 23 gene product can only complete its function 
either in conjunction with or after the step inhibited by hydroxyurea. 
'cdc 21. 
cdc 21 - M68 has an execution point during S phase. The pattern 
of DNA synthesis in an asynchronous culture shifted to 36 0C is shown 
in Fig. 3.9. 	There appears to be an almost immediate reduction in 
the rate of DNA synthesis, but the DNA content continues to rise for 
several hours and the rate appears to be reduced again as cell divi- 
sion begins to slow down and the cell number curve reaches its plateau. 
A possible explanation of these kinetics is that every cell, as it 
enters S phase, undergoes a significant fraction of its DNA synthesis 
before inhibition occurs. This would explain why the rate of DNA 
synthesis changes when cells stop entering S phase at the point where 
cell division slows down. This interpretation was directly tested 
by an analysis of DNA synthesis in a synchronous culture (Fig. 3.10). 
Early G2 cells incubated at the restrictive temperature undergo a 
synchronous round of cell division which is initially paralleled by 
the DNA content of the culture. However, inhibition occurs when 
the cells have replicated about 2/3 of their DNA, the completion of 
S phase is greatly delayed, and the subsequent mitosis and cell 
division does not take place. 
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The results of the reciprocal shift experiment with hydroxyurea 
are ambiguous in cdc 21 - 1468 (see Fig. 3.11). 	Cell division does 
take place when the hydroxyurea blocked cells are released at the re-
strictive temperature, but it is significantly delayed compared to 
that observed in wild type or in mutants defective only in the ini- 
tiation of DNA synthesis. The physiological phenotype of cdc 21 - M68 
is thus complex and difficult to interpret. 
Discussion of Group II 
The characteristics of mutants in this group are that they are: 
in some way directly defective in bulk DNA synthesis and 
their ts functions cannot be completed in the absence of, or 
prior to, the function inhibited by hydroxyurea (this is not strictly 
true for cdc 21 - M68). 	Since it is not known exactly how hydrbxy- 
urea inhibits DNA synthesis in S. pombe, it is not, strictly speaking, 
possible to rule out the possibility that the functions coded by 
these genes are in fact completed prior to DNA synthesis. However, 
the considerations at the beginning of this Chapter suggest that 
this is unlikely. 
Group III: cdc 18, 19. 
Mutants in this group show no detectable primary defect in bulk 
DNA synthesis on shift to the restrictive temperature. Moreover, 
the temperature sensitive functions in these mutants are completed 
(at the permissive temperature) either prior to or independently of 
the step inhibited by hydroxyurea. Thus the gene products of cdc 
18 and cdc 19 appear to function "independently" of DNA synthesis. 
50. 
cdc 18. 
cdc 18 - K46 has an execution point significantly prior to S 
phase, (see Table 2.1). 	The pattern of DNA synthesis in an asyn- 
chronous culture shifted to the restrictive temperature is shown in 
Fig. 3.12. DNA roughly parallels the increase in cell number. Each 
cell eventually arrests as a uninucleate cell with, approximately, a 
2 C content of DNA. Thus, the data suggest that this mutant is de-
fective in some event that is completed prior to S phase, which is 
not necessary for bulk DNA synthesis during that S phase but is neces-
sary for the mitosis that normally follows that S phase. The reason 
why the DNA curve begins to "plateau" at the same point as the cell 
number curve is that DNA synthesis in S. pombe is dependent on previous 
mitosis (Nurse et al., 1976) and it is at this point (the start of the 
cell number plateau) that there are no longer any cells entering 
mitosis due to the ts block earlier in the cycle. 
It is apparent in the above experiment that the DNA increase is 
not exactly parallel with that of cell number, as it should be if 
there were no defect in bulk DNA synthesis during S phase at the re-
strictive temperature. 	It appears that the DNA content of the cells 
is 10% lower at the end of the experiment than it was at the start. 
If this is significant, then it suggests that the mutant is only re-
plicating 80% of its DNA during its S phase at the restrictive 
temperature. To test this hypothesis, DNA synthesis was measured 
in a synchronous culture (see Fig. 3.13). 	Early G2 cells of cdc 
18 - K46 were incubated at 36 °C and a synchronous cell doubling 
followed. It can be seen that the increase in the DNA content of 
the culture exactly paralleled that of the cell number. 	It is 
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evident that this S phase resulted in a complete doubling of the DNA. 
Therefore, it appears that there is no significant defect in bulk 
DNA synthesis incdc 18 - K46. 
The reciprocal shift experiment with hydroxyurea (Fig. 3.15) 
shows that cells of cdc 18 - K46, arrested at S phase by hydroxyurea 
at the permissive temperature, are competent to divide when released 
from the block at the restrictive temperature. This is not very 
surprising in the light of the early execution point of this mutant. 
cdc 19. 
The properties of cdc 19 - P1 are broadly similar to those of cdc 
18 - K46. 	It also does not appear to have a primary defect in bulk 
DNA synthesis (see the synchronous culture of cdc 19 - P1 in Fig. 3.14) 
and cells arrested at S phase by hydroxyurea are competent to divide 
when released at 36 °C. 	cdc 19 - P1 has a slightly slower growth rate 
than wild type at 25 °C and the cells are slightly elongated at this 
temperature. This suggests that the mutant is also significantly 
defective at the permissive temperature. Consequently, the results 
of physiological experiments with this mutant are less clearcut. For 
instance, the synchrony in Fig. 3.14 is not good and it is not pos-
sible to tell whether the DNA and cell number curves are significantly 
different. 	Similarly, the synchrony of the division which results 
when hydroxyurea blocked cells are released at the restrictive 
temperature is also poor. This is probably because the generation 
time of this mutant is longer than 3 hours, the length of the block, 
and not all the cells will have accumulated at the block by the time 
of release. 	Thus, it is not possible to make a definite statement 
about the phenotype of this mutant. 
52. 
Discussion of Group III. 
The phenotype of mutants in this group is not as easily cate-
gorizéd as those of Group I and II. This underlines our ignorance 
of all those parts of the cell cycle which are not directly involved 
in DNA synthesis or mitosis. 
Consider cdc 18 - K46. 	It has been shown that the ts function 
in this mutant is completed at the permissive temperature significantly 
prior to S phase. Moreover, the completion of this function is not, 
apparently, necessary for the execution of a complete round of DNA 
synthesis during this S phase. This suggests that the function en-
coded bycdc 18 may he part of an independent, though coincidental, 
developmental pathway to that leading to the initiation and completion 
of DNA replication. However, it is not known whether the S phase at 
the restrictive temperature is completely normal. 	It may be possible 
to show that it is defective by more sensitive criteria than the ob-
servation of a doubling in DNA content. Thus, it is possible that 
some form of false initiation process takes place incdc 18 - K46 
at the restrictive temperature, which, although it results in a 
doubling of the nuclear DNA, does not leave the DNA in a state suffi-
cient for mitosis to follow. 
Finally, it is necessary to bear in mind that the phenotype of 
mutants incdc 18 and cdc 19 is based, in both cases, on that of a 
single allele. 	It is always possible that peculiar denaturation 
kinetics are responsible for the enigmatic behaviour of these mutants. 
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Group IV: 	cdc17, 24 
Mutants in cdc 17 and cdc 24 show no primary defect in bulk DNA 
synthesis. However, their ts functions are not completed in the ab-
sence of DNA synthesis. Therefore, the functions of the cdc 17 and 
cdc 24 gene products are "dependent" on DNA chain elongation. 
cdc 24. 
Mutants in cdc 24 have an execution point towards the end of S 
phase (Table 2.1). However, there is no suggestion of any primary 
defect in DNA synthesis when an asynchronous culture of cdc 24 - M38 
is shifted to the restrictive temperature (Fig. 3.16). 	In this ex- 
periment, cell division continues at a normal rate until cell number 
doubles and DNA follows a parallel course. 	Growth of cells, in- 
cluding RNA and protein synthesis, continues for several generations. 
As described in chapter 2, nuclear staining revealed that the cells 
of cdc 24 - M38, when incubated at 36 °C, contain a single nucleus. 
Therefore, this nucleus must have a fully replicated 2 C content of 
DNA. 
It appears that mutants incdc 24 are defective in a function 
which is normally completed by the end of S phase but is not required 
for bulk DNA synthesis. The cdc 24 gene product must complete its 
function in order that mitosis may take place. As already mentioned, 
DNA replication is causally dependent upon prior mitosis in S. pombe 
and the pattern of DNA increase in cdc 24 - M38, which parallels that 
of nuclei, can be explained by the cells ultimate failure to undergo 
mitosis. 
This interpretation of mutants in cdc 24 is corroborated by 
54. 
experiments with synchronous cultures. Here, the smallest cells of 
a culture grown at 25 0C (that is, early G2 cells) are isolated by 
centrifugation in lactose gradients and incubated in fresh medium 
at 36°C. A synchronous round of cell division ensues after 120 
mins, which is accompanied by a similarly synchronous and complete 
round of DNA synthesis (Fig. 3.17). 	So,even the earliest G2 cells 
are competent to divide at the restrictive temperature and the ensu ing 
round of DNA synthesis has essentially normal kinetics. The cells 
fail to undergo a second round of cell division. 
It is clear that DNA synthesis is not dependent upon the function 
of the cdc 24 gene product. However, the converse is not true. The 
function of the cdc 24 gene product is not completed in the absence 
of DNA synthesis. The reciprocal shift experiment with hydroxyurea 
shows that the ts function of cdc 24 - M38 is not completed during 
incubation with hydroxyurea at the permissive temperature (Fig. 3.19) 
and therefore its completion is dependent upon ongoing DNA synthesis. 
cdc 17. 
With respect to the criteria used above, the phenotype of mutants 
in cdc 17 is identical to that of mutants in cdc 24; that is, the 
cells accumulate with a single nucleus with a fully replicated 2 C 
DNA content. 	In the case of cdc 17 mutants, this nucleus shows 
some signs of elongation or disintegration after 3 hours incubation 
at the restrictive temperature. The pattern of DNA synthesis in a 
synchronous culture is shown in Fig. 3.18 and the results of the re-
ciprocal shift experiment are shown in Fig. 3.19. 
Discussion of Group IV. 
Mutants in cdc 17 and cdc 24 are defective in functions, 
normally completed by the end of S phase, whose completion is de-
pendent upon ongoing DNA synthesis. However, neither of these 
functions are required for bulk DNA synthesis. There are two main 
interpretations of the phenotype of this group. One is that neither 
of the functions of these two gene products are needed at all during 
S phase but only for some unknown process which immediately follows 
after it and is causally dependent upon it, i.e. some later event 
of the developmental pathway leading from the initiation of DNA re-
plication to mitosis. The other interpretation of the phenotype 
is that the gene products function in some aspect of DNA replication 
which is not required for bulk DNA synthesis. These alternative 
interpretations could be distinguished by testing whether the nascent 
DNA produced during S phase at the restrictive temperature in cdc 17 
or cdc 24 mutants was in any way different from that produced in wild 
type. Only the latter hypothesis would predict a difference. 
Conclusion of Chapter 3. 
Representative mutants in the nine genes identified in the last 
section, which, on the basis of their execution points in the cell 
cycle, were thought to be defective in DNA replication or its ini-
tiation, have been further investigated in this section by two 
methods: First, by an analysis of their pattern of bulk DNA synthesis 
on shift to the restrictive temperature, and second, by an analysis 
of the dependence of their ts function being completed on the 
55. 
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continued progress of DNA synthesis at the permissive temperature. 
Mutants in 5 genes (cdc 10, 20, 21, 22, 23) have a primary defect 
in bulk DNA synthesis, 3 in its initiation '(cdc 10, 20, 22) and 2 
probably in the process itsélf'(cdc 21, 23). 	Mutants in the re- 
maining 4 genes' (cdc 17, 18, 19, 24), which show no primary defect 
in bulk DNA synthesis, are either not defective in any aspect of DNA 
replication or are defective in a function of DNA replication which is 
not required for bulk DNA synthesis. A possible candidate for the 
latter is some aspect of the discontinuous nature of DNA replication. 
Of these latter 4 genes, the two functions encoded by cdc 18 and 
cdc 19 do not appear to be required for any aspect of WA replication 
once it has been initiated. 	It has been shown that mutants in these 
two genes are competent to divide when released at the restrictive 
temperature from an S phase block at the permissive temperature. - A 
corollary of this is that the DNA synthesised under these conditions 
is normal, because the cells are able to undergo mitosis after this 
S phase at the restrictive temperature. 
The other two genes' (cdc 17 and 'cdc 24) whose mutants show no 
primary defect in bulk DNA synthesis are possibly more directly im-
plicated in some function of DNA replication, because the completion 
of the functions of these gene products is causally dependent on the 
cell undergoing DNA synthesis. 
Fig3 .20 represents a summary of the dependency relations between 
the nine functions identified by the genetic analysis and DNA chain 
elongation. 
Fig. 3.1 The four types of dependency between two events A and B. 
A must be completed before B can be completed. 
B must be completed before A can be completed. 
A and B can be completed independently of each other. 




B Is "depenaent"on A. 
A is "dependent" on B. 
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A and Bare "inter-dependent". 
Fig. 3.2 The pattern of DNA, RNA, protein, and cell number 
increase in an asynchronous culture of cdc 10-129 h 
shifted from 25°C to 36°C. 
Cells of cdc 10-129h , growing in minimal medium at 
25°C, were filtered and resuspended in fresh medium at 
36°C at t0. The experimental parameters per unit volume 
of culture are plotted on an arbitary log scale. The real 
values per ml of culture corresponding to a unit of the 
scale are given withinthe brackets in the symbol key. e 
DNA (139 ng). A Cell number (3.65 x 106 . 	protein 
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Fig. 3.3 The pattern of DNA, RNA and cell number increase in an 
asynchonous culture of cdc 20- MlO h shifted from 
25°C to 36°C. 
Cells of cdc 20- MlOh, growing in complete medium 
at 25°C, were filtered and resuspended in fresh medium 
at 36°C at t0. The experimental parameters are plotted 
on an arbitary log scale. Their real values per ml of 
culture corresponding to a unit of the scale are given 
within the brackets of the symbol key. 
0 DNA (72.5hg). A Cell number (1x10 6 ). ORNA (4.13tg). 
Cell No 










Fig. 3.4 The pattern of DNA, RNA, protein, and cell number 
increase in an asynchronous culture of cdc 22-M45h 
shifted from 25 
0 
 C to 36 
0
C. 
Cells of cdc 22-M45h , growing in complete medium at 
25°C, were filtered and resuspended in fresh medium at 
t=O. The experimental parameters are plotted on an 
arbitary log scale. Their real values per ml of culture 
corresponding to a unit of the scale are given within the 
brackets of the symbol key. 
• DNA (96'g). A Cell number (2.61 x 10 6 . 	protein 
(23.3,g). 0 RNA (8.55zg). 
rm 

























Fig. 3.5 The pattern of DNA, RNA, and cell number increase 
in a synchronous culture of cdc 22-M45h incubated 
at 36°C. 
A synchronous population of early 42 cells of cdc 
22-M45h, prepared from cells grown at 25°C in complete 
medium as described in Appendix II, was incubated in 
fresh medium at 36°C from t0. The experimental para-
meters are plotted on an arbitary log scale. Their real 
values per ml of culture corresponding to a unit of the 
scale are given within the brackets of the symbol kay. 
• DNA (73rg). A Cell number (0.5 x 106). 0 RNA (23.3kg). 





Fig. 3.6 The pattern of cell division in mutants of group I 
on release at 36 °C from a hydroxyurea block at 25 °C. 
Cells were grown at 25 
0
C in complete medium, and 
were treated with hydroxyurea at 12mM for 3 hours. 
The cells were then filtered and resuspended in 
inhibitor free medium at 36°C. The cell number from 
the time of the temperature shift of each culture is 	- 
plotted on an arbitary log scale, whose unit relation to the 
real cell number/ml is given within the brackets of the 
symbol key. 9 972h (2 x 106). 0 cdc 10-P10h (1 x 10 6 ).,A 
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Fig. 3.7 	The pattern of DNA, RNA, and cell number increase 




C to 36 
0 
 C. 
Cells of cdc 23-M36h , growing in complete medium at 
25°C, were filtered and resuspended in fresh medium 
at 36°C at t0. The experimental parameters are 
plotted on an arbitary log scale. Their real values 
per ml of culture corresponding to a unit of the 
scale are given within the brackets of the symbol 
key. • DNA (117 ng). A Cell number (2.84 x 106). 
























Fig. 3.8 	The pattern of DNA, RNA, and cell number increase in 




A synchronous population of early çLcells of cdc 
23-M36h, prepared from cells grown at 25 °C in 
complete medium as described in Appendix II, was 
incubated in fresh medium at 36°C from t0. The 
experimental parameters are plotted on an arbitary 
log scale. Their real values per ml of culture 
corresponding to a unit of the scale are given 
within the brackets of the symbol key. *.DNA 	- 
(78.2hg). A Cell number (1 x lOs ). 0 RNA (2.33,4g). 
0 




Fig 3.9 	The pattern of DNA, RNA, and cell number increase 
in an asynchronous culture of cdc 21-M68h on 
shift from 25°C to 360C. 
Cells of cdc 21-M68h , growing in complete 
medium at 25°C, were filtered and resusp-
ended in fresh medium at 36°C at t=O. 
The experimental parameters are plotted 
on an arbitary log scale. Their real values 
per ml of culture corresponding to a unit of 
the scale are given within the brackets of 
the symbol key. S DNA (75.2 hg). A Cell number 
(2 x 106). 0 RNA (5.6g). 
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Fig. 3.10 The patterns of DNA, RNA, and cell number 
increase in a synchronous culture of cdc 
21-M68h incubated at 36°C. 
A synchronous population of early C2 cells 
of cdc 21-M68h , prepared from cells grown 
at 25°C in complete medium as described 
in Appendix II, was incubated in fresh 
medium at 36 °C from t=0. The experimental 
parameters are plotted on an arbitary log 
scale. Their real values per ml of culture 
corresponding to a unit of the male are 
given within the brackets of the symbol 
key. • DNA (48.5ng).A Cell number (1 x 106). 
o RNA (2.8g). The dotted line drawn 
in association with the DNA points represents 
the pattern of DNA increase expected if there 
were no defect. It is based upon the pattern 













Fig3.11 	The pattern of cell division in mutants of 
group II on release at 36°C from a hydroxy-
urea block at 25°C. 
Cells were grown at 25°C in complete medium, 
and were treated with hydroxyurea at 12mM 
for 3 hours. The cells were then filtered 
and resuspended in inhibitor free medium 
at 36°C. The cell number from the time 
of the temperature shift of each culture 
is plotted on an arbitary log scale whose 
unit relation to the real cell number/ml 
is given within the brackets - of the symbol 
key. 0 972h ( 2 x 106). 0 cdc 2lM68h 
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Fig. 3.12 The pattern of DNA, RNA, and cell number increase 
in an asynchronous culture of cdc 
0 	 0 	
18-K46h 
on shift from 25 C to 36 C. 
Cells of cdc 18-K46h , growing in complete medium 
at 25°C, were filtered and resuspended in fresh 
medium at 36°C at t0. The experimental para-
meters are plotted on an arbitary log scale. 
Their real values per ml of culture corresp-
onding to a unit of the scale are given within 
the brackets of the symbol key. S DNA (160.Srg). 
A Cell number (3.55 x 106). 0 RNA (6.31,.g). 
H A RNA /0 
0/0 
y/° 
0 	 Cell No 
0

















Fig . 3.13 	The pattern of DNA, RNA and cell number 
increase in a synchronous culture of cdc 
18-K46h
- 	 0 
incubated at 6 C. 
A synchronous population of early G2 cells 
of cdc 18-K46h, prepared from cells grown 
at 25°C in complete medium as described in 
Appendix II, was incubated in fresh medium 
at 36°C from t0. The experimental para- 
meters are plotted on an arbitary log 
scale. Their real values per ml of culture 
corresponding to a unit of the scale are 
given within the brackets of the symbol 
key. • DNA (70.5rg). A Cell number (1 x 106). 
0 RNA (6.25g). 









Fig. 3.14 	The pattern of DNA, RNA, and cell nurber 
increase in a synchronous culture of cdc 
19-Plh incubated at 36 °C. 
A synchronous population of early G2 cells 
of cdc 19-Pl h, prepared from cells grown 
a.t 25°C in complete medium as described in 
Appendix II, was incubated in fresh medium 
at 36°C from t0. The experimental para- 
meters are plotted on an arbitary log scale. 
Their real values per nil of culture corresp-
onding to a unit of the scale are given 
within the brackets of the symbol key. S 
DNA (52.8hg).A Cell number (1 x 106). 
















Fig. 3.15 The mattern of cell division in mutants of 
group III on release at 36°C from a 
hydroxyurea block at 25°C. 
Cells were grown at 25°C in complete medium, 
and were treated with hydroxyurea at 12mM 
for three hours. The cells were then 
filtered and resuspended in inhibitor free 
medium at 36°C. The cell number from the 
time of the temperature shift of each 
culture is plotted on an arbitary log scale 
whose unit relation to the real cell number/ 
ml is given within the brackets of the symbol 
key. U 972h (2 x 106). 0 cdc 18-K46h 
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Fig. 3.16 The pattern of DNA, protein, and cell nuiber 
increase in an asynchronous culture of cdc 
24-M38h on shift from 25 °C to 36°C. 
Cells of cdc 24-M38h, growing in complete 
medium at 25°C, were filtered and resuspen-
ded in fresh medium at 36 °C at t0. The 
experimental parameters are plotted on an 
arbitary log scale. Their real values per 
ml of culture corresponding to a unit of the 
scale are given within the brackets of the 
symbol key. • DNA (72.5rg). A Cell number 
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Fig. 3.17 The pattern of DNA, RNA, and cell number 
increase in a synchronous culture of cdc 
24-M38h incubated at 36 °C. 
A synchronous population of early G2 cells 
of cdc 24-M33h , prepared from cells grown 
at 25°C in complete medium as described 
in Appendix TI, was incubated in fresh 
medium at 36°C from t = 0. The experi-
mental parameters are plotted on an 
arbitary log scale. Their real values 
per ml of culture corresponding to a unit 
of the scale are given within the brackets 
of the symbol key. G DNA (76.8rg). A 












A 	 ' - 
1 	2 	3 	4 _5 
Time hrs 
Fig. 3.18 The pattern of DNA, RNA, and cell number 
increase in a svnchror.ou5 culture of ccic 
17-K42h incubated at 36°C. 
A synchronous population of early G2 cells 
of cdc 17-K42h, prepared from cells grown 
at 250C in complete medium as described in 
Appendix II, was incubated in fresh medium 
at 36°C from t0. The experimental para- 
meters are plotted on an arbitary log 
scale. Their real values per ml of culture 
corresponding to a unit of the scale are 
given within the brackets of the symbol 
key. 0 DNA (34.2ng). A Cell number (1.43 x 106). 
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Fig. 3.19 The pattern of cell division in mutants of 
grouo IV on release at 36°C from a hydroxy- 
0 
urea block at 25 C. 
Cells were grown at 25°C in complete medium, 
and were treated with hydroxyurea at 12mM 
for three hours. The cells were then 
filtered and resuspended in inhibitor free 
medium at 36°C. The cell number from the 
time of the shift of each culture is 
plotted on an arbitary log scale whose unit 
relation to the real cell number/ml is 
given within the brackets of the symbol 
key. ' M 972h ( 2 x 106).  0 cdc 24-M38h 
(1.04 x 106). A cdc 17-K42h (0.595 x 106). 
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Fig. 3.20 A surnriary of the dependency relations 
between the 9 functions identified by 
genetic analysis and DNA chain elongation. 
The ts functions of group I must be comple- 
ted before DNA chain elongation can cormence. 
The ts functions of group II can only be 
completed in conjunction with. DNA chain 
elongation (and vice versa). The ts 
functions of group III and DNA chain 
h 
elongation can be completed idependently 
of each other. The ts functions of 
group IV can only be completed after DNA 
chain elongation is completed. 
Fig 3.20 
Group I 	ts,f 	DNA0ce 
Group II 	ts0f,DNA0c 
Group III 	ts0f 
DNJ0ce 











THE BIOCHEMICAL CHARACTERIZATION OF MUTANTS: THE ROLES OF THE cdc 17 
AND cdc 24 GENE PRODUCTS DURING DNA REPLICATION 
Introduction 
The execution point of mutants in cdc 17 and cdc 24 is towards 
the end of S phase, yet there is no defect in bulk DNA synthesis when 
these mutants enter S phase at the restrictive temperature. 	The 
reciprocal shift experiments with hydroxyurea described in the last 
Chapter show that the functions encoded by these genes are not com-
pleted when S phase is inhibited. This suggests that both of the 
products of these genes are somehow involved in the replication process, 
despite - their mutants showing no defect in bulk DNA synthesis. 
As has been discussed in the introduction, DNA replication in-
volves at least three processes: the initiation of Okazaki fragments, 
their extension and finally, their joining. 	Temperature sensitive 
mutants of E. coli defective in either of the first two of these pro-
cesses are unable to maintain bulk DNA synthesis at the restrictive 
temperature. 	However, ts mutants defective in the latter process, 
in general, are not inhibited in the former and therefore continue 
to synthesise considerable quantities of DNA at the restrictive temper-
ature. The ts lethal mutant pol A-exl which is defective in the 5' - 
3' exonuclease activity of DNA Polymerase I continues DNA chain 
extension at the replication fork but fails to seal nascent Okazaki 
fragments (Konrad and Lehman, 1974). The phenotype of the E. coli 
mutant llig ts 7 is similar (Konrad et al., 1973). 	However, there 
are exceptions to this principle that joining is not necessary for 
58. 
fork movement. In the amber nonsense mutant liq 321 which has a 
temperature sensitive DNA ligase activity by virtue of a ts nonsense 
suppressor, sup 126, the parental DNA strands suffer extensive de-
gradation at the restrictive temperature andthus the mutant has a 
dna phenotype (i.e. it is defective in bulk DNA synthesis). 	The 
phenotype of lig 321 has yet to be reconciled with that of lig ts 
but it is not a totally isolated phenomenon, as it also occurs in EA 
ligase deficient T4 phage. 	Despite this, there remain the above 
precedents for mutants which are defective in joining but are not de-
fective in bulk DNA synthesis. 
DNA joining probably occurs at, at least, two different levels 
during DNA replication in eukaryotic organisms; at the level of 
Okazaki fragments and at the level of replicons. 	In this Chapter, 
the possibility that the gene products of cdc 17 and cdc 24 function 
in the joining of nascent DNA, as opposed to its net synthesis, is 
investigated. 
The role of the cdc 17 gene product in DNA replication 
A detailed investigation of the role of the cdc 17 gene product 
is described in this Section. Therefore, it is appropriate, at this 
point, to suxrmarise the genetic features of the cdc 17 locus and to 
introduce others that have not yet been described. 
Genetics 
There are three mutants in cdc 17 (K42, M75, L16). 	They were 
originally allocated to a single gene by a qualitative failure to 
produce recombinants in criss-cross tests (as described by Gutz et al. 
59. 
1974). 	Both L16 and M75 alleles fail to complement the K42 allele 
in constructed diploids. 	The latter is recessive to the wild type 
allele. The fine structure meiotic recombination map of the cdc 17 
gene, shown in Fig. 4.1, shows that the three alleles are the result 
of different mutations. The chromosome location of the gene has not 
yet been determined. 
It has been suggested by James et al. (1976) that rad 4-1, a 
radiation sensitive mutant which is also a ts lethal, migi:t possess a 
mutated DNA ligase. Crosses between this mutant and all of the mutant 
alleles of cdc 17 revealed that these loci are not allelic. 	In fact, 
the ts phenotype of rad 4-11 is completely different to that of 
mutants in cdc 17; it does not elongate significantly at the re-
strictive temperature. 
The viability of cdc 17-K42 at the restrictive temperature is 
shown in Fig. 4.2. 
Physiology. 
The first indication that the cdc 17 gene product actually plays 
a role in DNA replication comes from the response of cdc 17 mutants 
to UV irradiation. 	cdc 17-1(42 has a temperature-enhanced sensitivity 
to UV light (Fig. 4.3). 	If cells grown at 25°C are irradiated, 
plated out, and incubated at 25 °C, then the proportion of the viable 
mutant cells is up to 23 X less than wild type. This differential 
sensitivity is increased by 4 fold if instead the cells are post- 
0 	 o incubated at 32 C for 5 hours before returning to 25 C (a treatment 
which all unirradiated mutant cells survive). 	This indicates that 
the cells till sensitivity and ts lethality are due to the same de-
fective function, and strongly suggests that the cdc 17 gene product 
plays a role in DNA replication itself. 	Preliminary results suggest 
that cdc 17 - M75 is also UV sensitive. 
The size of nascent DNA strands. 
It has been shown that cdc 17 mutants are not defective in any 
event which is necessary for the bulk of DNA synthesis. This suggests 
that the gene product is either involved in the replication of only a 
small fraction of the cells DNA or in some aspect concerned with the 
discontinuous nature of replicaticn. 	cdc 17 mutants may be failing 
to excise PRA primers, fill the gaps after such excision, ligate 
Okazaki fragments, or even join nascent DNA strands from adjacent 
replicons. 	If any one of these processes are defective, then it 
should be possible to detect a large difference in the molecular 
weight of denatured nascent DNA made at the restrictive temperature. 
The most sensitive method for detecting single strand breaks in 
DNA is that of McGrath and Williams (1966) where very high molecular 
weight single strand DNA can be released from cells by alkaline lysis 
directly on top of alkaline sucrose gradients. This method can also 
be applied to yeast (see Appendix I). 	Although stronger alkali 
solutions are required for lysing the cells (0.5 M NaOH is the minimum 
for S. pernbe), the M.W. of the main peak of DNA released is about 3.5 
x 108  daltons, which is comparable to that obtained from bacteria. 
This estimate is based upon an experiment where 3H-laballed T4 phage 
and 
14 
 C labelled yeast were lysed on the same gradient (see Appendix I). 
The extrapolation from the T4 DNA molecular weight to that of the 
yeast DNA was made according to Studier (1965). 	S. pornbe has a IC 
DNA content of 16 fg/cll (95% of which is nuclear, Bostock (1969)) 
and genetic evidence suggests that there are only three chrcmoscmes 
(Gutz et al., 1974). 	Therefore the length of the high M.W. DNA ob- 
tained by this method is about 1/9 times the average length of a 
chromosome. 	It is likely that this smaller size represents in vitro 
breakage or nicking due to label rather than the maximum length of in 
vivo single strand DNA. 	Unfortunately it is not possible to chase 
radioactive uracil into DNA effectively (see Appendix I). 	This is 
probably because 99% of the label incorporated is in the form of RNA, 
some of which will be rapidly turned over. Therefore, the kinetics 
of high molecular weight DNA formation have been investigated using 
synchronous cultures where a natural chase occurs as the cell population 
passes through S phase. The test for a nascent DNA defect is then to 
incubate a synchronous population of early G2 cells at 36 °C, add label 
on the initiation of S phase following mitosis, and follow the M.W. 
of the labelled DNA with time as the cells pass on through the cell 
cycle. 	S phase is coincidental with the cell plate stage under 
these conditions so it is always possible to tell whether the cell 
population has finished DNA synthesis. 	As can be seen in Fig. 4.4, 
the bulk of nascent DNA is certainly found as high molecular weight 
material by early G2 in wild type cells at 36°C. The experiment 
is not sensitive.enough to detect any real lag between the completion 
of S phase and the formation of high M.W. DNA. 
When the above experiment is repeated with cdc 17-K42 the nascent 
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DNA strands of early G2 cells are found exclusively as material of 
M.W. less than lO daltons (Fig. 4.5). 	To test whether this drastic 
reduction in M.W. was a specific effect on nascent DNA, the size of 
prelabelled parental strands was also analysed after incubation at 
the restrictive temperature. To do this, asynchronous cultures of 
wild type and cdc 17-K42 cells were labelled at the permissive 
temperature with 2 - 	and 6 - 	uracil respectively and then 
chased in the absence of label for three generations before incubation 
at 360C for a complete cell cycle. 	After the incubation at 36 °C the 
two cultures were harvested and then mixed before layering onto the 
same gradient. The similarity of the two profiles of DNA radio-
activity after centrifugation shows that the parental strands of the 
mutant remain relatively intact (Fig. 4.6). 
The above experiment demonstrating that only nascent DNA strands 
accumulate as small fragments suggests that cdc 17-K42 is not 
suffering from in vivo DNA breakage but is failing to join the pre-
cursor molecules of high M.W. nascent DNA. The size of nascent DNA 
strands in the mutants was further investigated by an analysis of 
the sedimentation velocity of phenol extracted DNA. This has the 
advantage of being a more purified preparation but the disadvantage 
that the DNA is considerably sheared during extraction. 	DNA from 
wild type and mutant cells, prelabelled with 14C uracil at 25 °C and 
pulse labelled with 3 H uracil for 20 mm 	0 at 36 C, was compared on 
alkaline sucrose gradients centrifuged at the same g as before, but 
for 24 hours. The sedimentation velocity of parental strands is 
considerably reduced when extracted under these conditions, so that 
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wild type nascent and parental DNA have similar sedimentation pro-
files (Fig. 4.7b). 	The nascent DNA of cdc 17-K42 differs radically 
from its parental DNA and is distributed with about half the radio-
activity in a peak whose mode has travelled 1 cm into the gradient 
and the other half in a higher M.W. shoulder (Fig. 4.7d). 	Fig. 4.9 
shows a higher resolution sedimentation profile of 3  H labelled nas-
cent DNA from the mutant with internal 32 P labelled marker DNAfrag- 
ments of 410 and 210 nucleotides. 	In this run most of the shoulder 
has pelleted and hence there is a rise in cpm at the bottom of the 
gradient. The main peak of short fragments thus stretches from 70 
to 450 nucleotides. 	This sedimentation profile is also found when 
nascent DNA of cdc 17-K42 and M75 cells is extracted by simple alka-
line lysis (results not shown). 
Okazaki fragments have not previously been reported for any 
species of fungi. The problems of nonspecific DNA labelling are 
probably insuperable when locking for transient fragments. Therefore, 
the size of the fragments that accumulate in cdc 17 mutants cannot 
be compared to wild type precursor DNA molecules. Nevertheless the 
size range corresponds to that of Okazaki fragments found in other 
eukaryotes (Edenberg and Huberman, 1975). 
So far, the properties of cdc 17 mutants are analogous to 
mutants in E. coli which are either defective in DNA polymerase I 
(Lehman and Uyemura, 1976) or DNA ligase mutants (Lehman, 1974). The 
role of the former enzyme is currently thought to be the excision of 
RNA primers and subsequent gap filling. As a preliminary to 
testing these alternative hypotheses, the double labelled parental! 
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nascent DNA of wild type and mutant cells was instead run on neutral 
gradients. 	It is seen in Fig. 4.7a and 4.7b that, whereas the 14C 
and 3 H sedimentation profiles of wild type cells are identical, those 
of the mutant are very different. A large proportion of the mutant 
nascent DNA is again found as a slowly sedimenting species. This 
3 	 be 
peak of H nascent DNA mustAcomprisatof single stranded fragments as 
it is not associated with any of the 14 C labelled parental DNA. 
Okazaki fragments are also frequently found in this single stranded 
state, and in certain instances (Habener et al., 1970) the proportion 
of nascent DNA in this form has been shown to depend upon the ex-
traction conditions. 	Therefore, the phenomenon is probably an in 
vitro event. 	It is possibly due to displacement of nascent by 
parental strands during branch migration of the replication fork 
during the extraction and deproteinization of the DNA. 	Whatever its 
explanation, this experiment demonstrates that the Okazaki fragments 
observed on alkaline sucrose gradients are not due to alkali labile 
RNA stretches in the nascent DNA. 
DNA ligase in wild type and mutant strains 
The pulse labelling experiments are all consistent with cdc 17 
mutants having a defect in DNA ligation. 	Consequently it was 
important to test whether the mutants possess a thermosensitive DNA 
ligase. 	The assay system chosen was that described by Gellert (1967). 
In this assay ligation is detected by the conversion of hydrogen 
bonded DNA circles (prepared from phage lambda DNA) to a covalently 
closed form. 	The latter is easily distinguished by its characteristic 
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4 fold higher sedimentation velocity (over linear ), DNA) when centri-
fuged in alkaline sucrose gradients. 	The A DNA substrate is uni- 
formly labelled with 3H thymidine and quantities of covalent circles 
as low as 0.1% of the total cpm can be detected. 	Each assay, which 
involves the fractionation of a single gradient, is cuite laborious 
and consequently no attempt has been made to purify the enzyme. All 
assays reported here are of crude extracts prepared by a 18,000 g 
centrifugation of cells broken by vortexing with glass beads. 
Ligase activity is abundant in extracts of wild type cells 
(Fig. 4.9) and final values of conversion range from 2% to 6% of the 
total treated DNA (Table 4.1). The kinetics of conversion by crude 
extracts are necessarily complex and will depend on several parameters: 
The maximum conversion possible for a given substrate. 	If 
is the proportion of the substrate in hydrogen bonded 
circle form, P 
lig  the proportion of molecules whose sticky 
ends have no nucleotides missing and can thus be ligated 
to closed circular form, and P the proportion of the mole-
cules not nicked by the tritium label, then the maximum % 
	
conversion = 100.P .p . P . 	It was estimated that P = 
C hg n c 
0.25.P lig = 0.333, assuming Gellert's. maximum 25% conversion 
from a population of DNA of which 75% were circles. P 
will increase with the age of the DNA and can be estimated 
from a Poisson distribution given the dpm/molecule. 
The activity of DNA ligase in the preparation and its 
stability or intactness on incubation. 
(3) The activity of proteases which may destroy the enzyme and 
the activity of nucleases which may destroy both the sub-
strate and product by introducing a single nick in one 
strand of the DNA molecule. 
The results of a kinetic experiment performed with a wild type 
extract at 25°C are shown in Fig. 4.10. 	The degree of conversion 
rapidly rises to a plateau at which it remains even after prolonged 
incubation. There are three interpretations of these kinetics. 
First, the plateau may represent a steady state between ligase form- 
ation and nuclease destruction of product. 	Second, most of the 
ligase activity may occur during the initial stages of incubation 
after which the enzyme loses activity due to either protease di- 
gestion or denaturation. 	Third, the plateau may represent the 
maximum conversion possible for the substrate used. The maximum 
percentage conversion for the substrate used in this experiment was 
estimated to be about 7%. 	Therefore the first explanation is un- 
likely and the stability of the plateau suggests that nucleases are 
not a problem. Certain aspects of the second explanation can be 
tested by preincübaticn of the concentrated extract prior to in-
cubation with the substrate. Such an experiment showed that 80% of 
wild type activity was lost during a 5 min incubation at 35 °C, which 
suggests that destruction of enzyme probably occurs even when the 
extract is diluted in the incubation mix. Thus the kinetics of 
ligation with crude extracts will be a product of substrate avail- 
ability and enzyme intactness. 	In the case of wild type extracts, 
it seems that, at the concentration of protein used, the reaction 
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rapidly goes to completion before enzyme activity becomes limiting. 
However, in the case of a mutant enzyme with lower activity we would 
expect the gradual destruction of enzyme to determine the kinetics 
of conversion. 
Despite these considerations, the results obtained by assaying 
crude extracts must be treated as essentially qualitative, and any 
conclusions must subsequently be supported by a quantitative assay 
of purified enzyme. 
In comparing mutant and wild type activities, both extracts 
(from cells grown at 25 °C) were always incubated sufficiently long 
for the latter reaction to reach its plateau. 	As can be seen in 
Table 4.1 the wild type enzyme is not noticeably temperature sensitive. 
On the other hand, extracts from cdc 17 - K42 appear to have a thermo-
sensitive activity (Fig. 4.11 and Table 4.1). 	They have less than 
20% of the wild type activity at 25 °C and none detectable at 35°C 
(the profile obtained after incubation with mutant extracts at 35 C 
in the closed circle region of the gradient is not significantly 
different from the control profile obtained after a zero time in-
cubation). At the lengths of incubation used here, even the mutant 
extract incubations are approaching a plateau in their degree of 
conversion. The enhancement by the protease inhibitor, PMSF, of the 
percentage conversion by mutant extracts and not of that by wild type 
extracts supports the hypothesis that the final percentage conversion 
in wild type is substrate limited and that of the mutant, enzyme 
limited. 	If this is true, then the value of 20% would be an over- 
estimate of the relative ligase activity in the mutant at 25 °C. - 
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cdc 17-M75 has also an abnormally low ligase activity at 25 °C 
(Table 4.1). 
In an experiment where inactive mutant and active wild type ex-
tracts were mixed in equal proportions, 50% of the conversion with 
wild type only was observed. Therefore, the mutant extracts do not 
possess a potent (freely diffusible) inhibitor of ligase activity. 
However, there is a significant reduction, which might be due to the 
mutant enzyme binding but not ligating and thus shielding some of 
the substrate from the wild type enzyme. 
In an experiment designed to rule out the possibility that all 
mutagenised mutants with a DNA defect have an abnormally low ligase 
level, the extracts of cdc 24-N44 were also tested for EA ligase 
activity. 	cdc 24 mutants are unlinked to cdc 17 mutants but also 
seem to show a defect in the joining of nascent DNA strands, although 
at a much higher molecular weight stage. 	Their extracts have normal 
ligase activity (Table 4.1). 
Whatever the interpretation of the kinetics of the assay, the 
results are certainly consistent with cdc 17-K42 having a therrno-
sensitive enzyme. 	An alternative explanation is that the mutant 
enzyme is more susceptible to proteases. Both of these explanations 
suggest that cd.c 17 mutants actually have an altered enzyme, which 
implies that the locus codes for the structural gene for DNA ligase. 
The role of the cdc 24 gene product in DNA replication 
The biochemical investigation of mutants in cdc 24 is not as ad-
vanced as that of mutants in cdc 17. Evidence presented in chapter 
3 suggests that these mutants are defective in a function which can 
only be completed during or towards the end of S phase but which is 
not necessary for bulk DNA synthesis. 	Therefore, the size of nascent 
DNA synthesised during S phase at the restrictive temperature in cdc 
24-M38 has been investigated. 
As in the case of cdc 17 mutants, this has been achieved by the 
analysis of the sedimentation profile of nascent DNA released from 
cells lysed on top of an alkaline gradient. 	A synchronous culture 
of early G2 cells, prepared from a culture grown and prelabelled 
with 3 H uracil at 25°C, was incubated at the restrictive temperature 
and the nascent DNA synthesised during the ensuing S phase was 
14 
labelled with C uracil. 	After completion of S phase, the cells 
were lysed on top of an alkaline sucrose gradient and the DNA re-
leased was centrifuged as described before. 	Thus, the size of nas- 
cent DNA strands in cdc 24-M38 after an S phase at the restrictive 
temperature is directly compared with that of its parental strands 
by comparison of the 3 	14 H and C DNA radioactivity sedimentation pro-
files (Fig. 4.12). 	It is found that the main peak of high molecular 
weight nascent DNA usually synthesised by the end of S phase is mostly 
absent and the nascent DNA is instead distributed in a much broader 
and significantly lower molecular weight peak. On the other hand, 
the parental DNA strands remain relatively intact. 	For instance, 
3 	 3 compare the H DNA sedimentation profile of Fig. 4.12 to that of H 
DNA released from cells of the parent asynchronous culture used for 
the preparation of the synchronous culture (Fig. 4.13). 	In this 
instance, it is not possible to tell whether the slight difference 
between these two profiles is significant as they necessarily come 
from different, though parallel, gradients. 
The above experiment demonstrates that only nascent DNA strands 
accumulate as smaller fragments after S phase at the restrictive 
temoerature in cdc 24-M38. 	This suggests that the defect is not 
due to post facto breakage of nascent high molecular weight DNA but 
due to a failure to produce high molecular weight DNA in the first 
place; that is, some high molecular weight DNA precursors are not 
being joined. 	However, this conclusion cannot he uncualified. It 
is also possible that the nascent DNA is, for some reason, more sus-
ceptible to in vivo nuclease action as a result of the inactivity of 
the cdc 24 gene product. 
Discussion 
The evidence presented in this Chapter suggests that the primary 
defect in cdc 17 mutants is a deficiency in DNA ligation. 	It is 
now worthwhile to reinterpret the various phenotypes of these mutants 
in the light of this knowledge. 
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The cell cycle defect 
All the cdc 17 mutants were isolated as ts cdc mutants. 	Thus, 
they are primarily defective in cell division rather than growth. 
The mutants, like the ts 7 hg mutant of E. coli, continue growing 
at the restrictive temperature and the cells consequently become 
elongated. 
The completicn of the cdc 17 function at the end of S phase (the 
execution point of Hartwell, Culotti and Reid, 1970) and its dependence 
o DNA synthesis is obviously consistent with a DNA ligation defect. 
A corollary is that no ligation is required for completion of the 
mitotic cycle after S phase. The stage in the cell cycle at which 
cells of cdc 17 mutants eventually arrest (the termination point of 
Hartwell et al., 1970) is less certain. 	A priori, there are two 
simple hypotheses. 	A failure to ligate nascent DNA strands may cause 
an inhibition of cell division entirely due to a disruption of S phase, 
which, only in turn, disrupts mitosis due to the dependence of the 
latter on the former. 	Alternatively, all aspects of S phase, except 
DNA ligation, may occur normally in cdc 17 mutants at the restrictive 
temperature, and the cell is unable to divide because some aspect of 
the G2 or N phase of the cell cycle cannot be executed in the absence 
of ligation of nascent DNA strands. 	In the first instance, the term- 
ination point would be S phase and in the second it would be mitosis. 
Consider the first hypothesis. When cdc 17-K42 cells enter S 
phase at 36°C bulk DNA synthesis occurs with normal kinetics and the 
DNA content doubles exactly. This suggests that their S phase re-
suits in a true replication of the genetic information and is not a 
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pathological phenomenon as has been suggested for the continued net 
DNA synthesis in ts 7 (Konrad, Modrich and Lehman, 1973). 	It is 
important to establish whether the Okazaki fragments that accumulate 
after a restrictive temperature S phase can be chased into high M.W. 
DNA and that no further DNA synthesis is required when cells recover 
on return to the permissive temperature. 
Movement of a replication fork is undoubtedly a complex event 
requiring not only the action of several DNA enzymes but also the 
reorganization of nucleosies (Weinrub, Worcel and Alberts, 1976) 
and, in some cases, the do novo synthesis of histones (Weintrub, 1972). 
The latter is probably not required in yeast (Hereford and Hartwell, 
1973). 	There are several reports of replication complexes (e.g. 
Genta et al., 1976). 	It might be expected that such a cooperative 
process would be disrupted if any one of many component functions 
were defective. 	However, it is clear from the behaviour of cdc 17 
mutants that ligation itself is not necessary for the continued move-
ment of a replication fork. Thus, S phase is not the termination 
point. 
If cdc 17 mutants do not arrest in S phase, then how far do they 
proceed through the rest of the cell cycle in the absence of ligation 
of their nascent DNA? Unfortunately, there are no cytological G2 
markers in S. pombe, so we can only ask whether the cells actually 
attempt to undergo mitosis. If such an attempt resulted in an aber-
rant nuclear form, then such a form would not begin to appear in an 
asynchronous culture until after 0.8 of a cell cycle at the restrictive 
temperature. The population would then gradually accumulate at this 
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stage for the next cell cycle time. There is some rather tenuous 
evidence that this does occur. After two cell cycles at 36 °C a 
significant proportion of the cells have elongated Giernsa staining 
nuclear bodies, many of which show signs of disintegration. This 
may indicate that cells have initiated a defective mitosis, but it 
is also possible that the nuclear disintegration is simply due to 
cellular death. 
However, one thing is certain. 	Cells with unligated nascent 
DNA strands do not complete mitosis. This is by no means obvious 
a priori. 	It is possible that the failure of cdc 17 mutants to 
undergo mitosis is due to a relaxation (due to the lack of ligation) 
of their chromosomes, whose DNA is probably supercoiled in normal 
interphase (Benyajati and Worcel, 1976) and may recuire further super-
coiling in order to undergo mitosis. 
The DNA reair defect 
In vitro DNA ligase assays shed that cdc 17 mutants had greatly 
reduced enzyme activities even at the permissive temperature. 	However, 
especially in the case of mutant enzymes, in vivo and in vitro acti- 
vities may differ considerably. 	In fact, cdc 17 mutants grow normally 
at the permissive temperature and do not even show signs of elongation. 
Indeed their early execution points suggest that replication ligation 
is completed as normal by the end of S phase in these mutants at 25 °C. 
Only the significant UV sensitivity of cdc 17-K42 at 25 °C confirms 
the lowered in vitro enzyme activity. Presumably the degree of 
repair ligation required at UV doses where the mutant strain becomes 
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more sensitive than wild type is greater than that needed during DNA 
replication. 	Alternatively, multiple unrepaired nicks may be more 
damaging in the trans position than the cis. 
The UV sensitivity arising from mutations in the cdc 17 gene 
does not necessarily implicate the DNA ligase coded by this gene in 
the normal repair of UV damage. 	It is possible that the enhanced 
sensitivity is a secondary phenomenon arising from the defect in 
'Okazaki fragment ligation. 	For instance, it is possible that the 
excision of pyrirnidine dimers and the consequent repair of the chromo-
somes is inhibited when some of the DNA strands involved are of low 
molecular weight. 	An experiment whose results have not been pre- 
sented in this Chapter relates to this question. 	If early G2 cells 
of cdc 17-K42 are irradiated with a low dose of UV and incubated at 
36°C, then the mitosis which normally follows is completely inhibited. 
Mitosis in wild type cells follows normally in these circumstances. 
Since no DNA ligation is normally required for the division of early 
G2 cells, the above alternative interpretation of the UV sensitivity 
is refuted. 	Thus, it is probable that the same DNA ligase, coded 
for by the cdc 17 gene, is responsible for ligation during both DNA 
replication and repair. 
Parental strands 
Nicks that accumulate in the parental strands of'cdc 17 mutants 
incubated at 36°C may ariseeither from accidental invivo nuclease 
action and/or breakage or from nicking which serves some physiological 
function. For instance, it has been suggested that nicks are 
75. 
necessary for unwinding parental strands during DNA replication 
(Kornberg, 1974). However, it is becoming apparent that special 
enzymes and not a combination of endonuclease and ligase may fulfil 
these tasks (e.g. cbampoux, 1976). 	Indeed, the law level of extra 
nicks observed in the parental strands of cdc 17 mutants also suggests 
that DNA ligase is not extensively required for the repair of nicks 
introduced during the course of a cell's metabolism or DNA replication. 
That nicking which does occur is partly due to the cells undergoing 
DNA replication and accumulating chromosomes whose nascent strands 
are unligated (results not shown). 	Such chromosomes are possibly 
more susceptible to in vivo nuclease action. 
The DNA replication defect 
The size of nascent DNA in a DNA ligase mutant can possibly 
answer two important questions concerning the mechanism of discon-
tinuous DNA replication. 
Is replication discontinuous on both strands of a replication 
fork? 
What is the exact size of Okazaki fragments and are their 
termini related to any particular chromosomal structure? 
An answer to the first question has been previously sought by 
kinetic pulse labelling experiments or, in the case of viruses which 
are known to have a unique replication origin, by determining the 
degree of self annealing of Okazaki fragments. The evidence from 
eukaryotic cells is so far conflicting (Edenberg and Huberman, 1975). 
In the E. coli ligmutant ts 7 (Konrad et al., 1973) nearly all the 
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DNA labelled in a 10 sec pulse at the restrictive temperature is of 
very low molecular weight, which suggests that both strands of the 
parental duplex in E. coli are replicated discontinuously. 	In a 20 
sin pulse label at 36°C in cdc 17-K42 at least 75% of the labelled 
nascent DNA strands are less than 1.35 kilobases long (Kb). 	The 
size of replicons has not been investigated in S. pcmbe, but the aver-
age length of replicoris in the yeast S. cerevisiae is probably about 
70 Kb (Newlon et al., 1974). 	If we assume that this value is also 
roughly correct for S. pombe, then 75% of the nascent DNA from a pulse 
that is nearly as long as S phase is at least 50 times shorter than its 
average replicon length. 	This means that both parental strands must 
be replicated discontinuously. 
Although the evidence from the mutants in S. pthe implies total 
discontinuity at a gross level, it is also consistent with there 
being slight differences between the strands of different polarity. 
The distribution of fragments sizes after a 20 sin pulse label (Fig. 
4.7) is not exponential on the high molecular weight side of the main 
peak, as would be expected if the larger fragments were simply due to 
residual joining activity or due to a variability in nascent size. 
The shoulder of larger fragments is very pronounced and the distri- 
bution is almost bimodal. Therefore it is possible that the shoulder 
represents fragments from the 3' - 5' parental strand and the peak 
fragments from the 5'-* 3' strand. 	There are roughly equal cpm in 
the two populations. There is no a priori reason for replication 
discontinuity on the 3'-* 5' strand, and it may be just due to 
occasional and unnecessary RNA primer initiation ahead of the 
advancing chain. 
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Turning to the second question, the interpretation of the size 
of Okazaki fragments in eukaryotes is greatly complicated by our not 
knowing what precursor stage in the replication process they represent. 
For instance, the transient pulse labelled fragments found may be in-
complete growing chains, DNA fragments that in vivo were DNA-RNA hybrids, 
fragments prior to gap filling, or fragments that are unligated. 
Indeed, they may represent different percursors in different cell lines. 
With a specific ligase deficiency it is possible to observe 
directly the terminal size of fragments. 	For instance, a significant 
proportion of the fragments found after a 20 min pulse in cdc 17 
mutants are as small as 80 nucleotides long. 	The nucleosome repeat 
in yeast is 160 bp (Lohr et al., 1977) so that Hewish's hypothesis 
(Hewish, 1976) that the final size of Okazaki fragments before their 
ligation is defined by the nucleosome repeat distance cannot be 
strictly correct. 	If there is a repeat unit for Okazaki fragments, 
then it must be at a finer level than a one to one relation to the 
nucleosorne repeat. 
In 20 min pulse labels at 360C in cdc 17-K42 the short fragments 
that accumulate range in size from 80 to 450 nucleotides. 	This 
variability may be due to some residual joining activity and thus may 
represent a repeat series which is not resolved on the alkaline 
sucrose gradients. Alternatively, the variability observed may 
reflect a variability in their nascent length and the similarity to 
the nucleosoine repeat may be purely coincidental. 	These possibilities 
are easily testable on gels. 
These conclusions concerning the significance of the size of 
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Okazaki fragments observed in cdc 17 mutants must, however, be 
qualified if DNA ligase plays a role in terminating the extension 
of DNA chains by an enzyme analogous to DNA polymerase I. In E. 
coli, this enzyme also has a 5' - 3' exonuclease activity and is 
thus able to extend DNA chains while removing pre-existing ones 
(nick translation). 	There is some evidence that, in E. coli, DNA 
ligase directly affects the extent of DNA polymerase I resynthesis 
during X-ray induced repair in toluene treated cells by ligating 
the 'extended' and 'displaced' strand (Billen et al., 1975). 	If 
this also occurs during DNA replication in S. pombe, then it is in-
admissable to interpret the size data in the manner above. 
Fig. 4.1 The meiotic fine structure genetic map of the 
cdc 17 gene 
The map was constructed from 9 pairwise crosses, in 
which each h strain (allele) was crossed to each h+  strain. 
The distances represent the number of wild type recombinants 
per 106 spores. 	(The experimental details for fine 
structure mapping are given in Gutz et al. (1974)). 
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Fig. 4.2 The viability of cdc 17-K42 h on shift from 
25°C to 36 0C 
Cells ulere grown in complete medium at 25 °C. 	AL-t = 
0, cultures were shifted to 36 °C. 	0 cell number/ml 972 h. 
• cell number/ml cdc 17-K42 h. U % viable cells of cdc 
17-K42 h . The method used, for measuring the number of 
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Fig. 4.3 The UV sensitivity of 972 h and cdc 17-1(42 h. 
Cells were grown in minimal medium at 25 °C, harvested 
by centrifugation during mid log phase, suspended in 0.9% 
saline, and exposed to a UV source for varying periods. 
Each sample was added to 2 volumes of complete medium on 
ice and plated at appropriate dilutions onto YEA plates. 
Each titre is expressed as a % of the unirradiated controls. 
The control titres (zero irradiation) for wild type 
(triangles) and mutant (circles) were identical for both 
post-irradiation temperature regimes. Samples represented 
by open symbols were incubated at 32 °c for 5 hours before 
returning to 25°C. Samples represented by closed symbols 
were incubated at 25°C. 
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Fig. 4.4 The formation of high molecular weight DNA in 
972 h during a synchronous culture at 36°C. 
972 h cells were grown in minimal medium at 25 °C, 
harvested, and centrifuged in a 7 - 30% lactose gradient. 
Small cells, in early G2, were collected and incubated in 
fresh medium at 36°C. 	0 represents the % cells with a 
cell plate (i.e. dividing cells). 	At the indicated time, 
100 pCi of 6 - 
	
uracil (20 Ci/col) was added to 4 ml 
of the synchronous culture. 	Later, 1 ml samples (a, b, 
c, d) of this culture were put to 0°C at the indicated 
times. 	When the last sample had been taken, all 4 were 
harvested by centrifugation and layered directly onto 
lysing alkaline gradients as described in Appendix II. 
Centrifugation, fractionation, and assay of DNA radio-
activity were performed as described in Appendix I. The 
sedimentation profile of the DNA 3 H radioactivity of each 
gradient is plotted as the % per fraction of the total 
IA radioactivity in the gradients. The totals were 
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Fig. 4.5 Nascent DNA molecular weight in cdc 17-K42 h 
during a synchronous culture at 36 °C. 
The experiment was performed exactly as described 
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Fig. 4.6 The size of parental DNA strands of cdc 17-K42 h 
after incubation at 36 °C. 
Cultures of 972 h and cdc 17-1(42 h were grown at 
25°C in minimal medium until early log phase, then labelled 
with 2 
14 
 C (2 iiCi/ml) and 6 3H uracil (4 'pCi/inl) respect-
ively for B hours at 25 °C, resuspended in fresh medium and 
incubated for 16 hours at 20°C before shifting to 36 °C for 
4.5 hours. The cultures were then harvested, mixed and 
layered onto the same lysinq gradient. 	Centrifugation, 
fractic*ation and assay of DNA were performed as described 
in Appendix I. The sedimentation profiles of 14C and 
DNA are plotted as the % per fraction of the total DNA cpm 
in the gradient. 0 14C 972 h (total cpm = 4181), 0 
cdc 17-1(42 h (total cpm = 4952). 	The top 5 fractions of 
the gradient were not assayed. 
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Fig. 4.7 The sedimentation analysis of pulse labelled 
DNA in 972 h and cdc 17-K42 h. 
Cells of 972 h and cdc 17-K42 h were prelabelled 
with 14C uracil at 25°C and pulse labelled at 36 °C with 
uracil as described in Appendix II. Their EA was 
extracted and centrifuged at 24,000 rpm for 23 hours in 
neutral and alkaline sucrose gradients as described in 
Appendix II. The DNA radioactivity profiles (cpm) are 
plotted on an arbitrary linear scale. The actual cpm 
equivalent to one unit is given within the brackets of 
the symbol key. (a) 972 h neutral gradient • 14 C 
(5 x 10  2) 0 3 H(l x 102). 	(b) 972 h alkaline gradient 
(5 x io 0 3H (1 x 102). 	(c) cdc 17-K42 h 
neutral gradient 0 14C (5 x 102)  0 
3 
 H (2 x 102). 
(d) cdc 17-K42 h alkaline gradient • I C (5 x 10  2 ) 
0 3H (5 x 02). 
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Fig. 4.8 The size measurement of pulse labelled DNA 
Fraarents frcm cdc 17-K42 h. 
Nascent DNA of edo 17-K42 h at 36°C was pulse 
labelled with 3H uracil, extracted and centrifuged in an 
alkaline sucrose gradient at 48,000 rpm for 19 hours as 
described in Appendix II. The internal marker DNA frag-
ments were 32 P labelled. The gradient was fractionated 
and assayed for DNA radioactivity as described in Appendix 
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Fig. 4.9 The foraticn of closed circles by 972 h 
extracts. 
The incubation of cell extracts with substrate, 
alkaline sucrose gradient centrifugaticn and fraction-
ation, and counting of 3 H DNA were performed as des-
cribed in Appendix II. The bottom 20 fractions are 
plotted on the scale of the left hand ordinate and the 
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Fig. 4. 10 The kinetics of closed circle formation by 
972 h
- 	 0 
extracts at 25 C. 
The incubation mixture consisted of 0.48 ml of an-
nealed A DNA (26 iig/ml), 0.048 ml of liqase cocktail 
(see Appendix II),. and 0.084 ml of 972 h extract (22 mg/ 
ml protein). 	The mixture was incubated at 25 °C, and 
0.1 ml samples were removed at the indicated times and 
run on alkaline sucrose gradients as described in 
Appendix II. Each point represents the % of the total 
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Fig. 4. 11 Comparison of cdc 17-K42 h DNA ligase 
activity at 25 
0 
 C and 35 
0
C. 
Extracts were prepared from cdc 17-K42 h grown at 
25°C as described in Appendix II. 	Extracts were in- 
cubated with substrate and centrifuged in alkaline 
sucrose gradients as described in Appendix II. e repre-
sents the 3H DNA sedimentation profile after incubation 
for 30 mins at 25 0C. 0 represents the 
3 
 H DNA profile 
after incubation for 15 mins at 35°C (see Appendix II 
and Table 4.1 for details). 	The two preparations, 
which were identical except for the duration and temper-
ature of incubation, were centrifuged in parallel 
gradients. Only the bottom 11 fractions of the gradient 
are presented. The 3H peak from the 25°C incubation is 
at the characteristic position for closed circles. The 
total cpm loaded onto each gradient was 1.7 x lO c-pm. 
5 	 10 









Fig. 4.12 and Fig. 4.13 A comparison of the molecular 
weight of parental and nascent DNA strands in cdc 
24-M38 after S phase at 36 °C. 
Cells of cdc 24-M38 h were grown at 25 0C in minimal 
medium containing 2 pCi 6 - 3H uracil/ml. 	The cells 
were harvested and washed by filtration and a synchronous 
culture of early C-2 cells was prepared as described in 
Appendix II. This culture was incubated at 36 °c and the 
cell plate index was monitored. Thereafter, the protocol 
of the experiment was similar to that of Fig. 4.4. 	2 - 
14 C uracil was added at 4 pCi/nil as the culture started 
its synchronous division and the cells were harvested 
and layered onto a lysing gradient (as described in 
Appendix I) only when the synchronous division (and hence 
also S phase) was complete. 	Fig. 4.12 shows the sedi- 
nientation profile of 3H (•) and 14C (0) DNA radioactivity. 
A sample of 3H labelled cells of the parent culture 
(from which the synchronous was prepared) was lysed on a 
separate gradient. The sedimentation profile of 3H DNA 
radioactivity released from these is given in Fig. 4.13. 
Both gradients were run in parallel and therefore had 
identical centrifugation conditions. However, it should 
be noted that the profile may vary from lysis to lysis, 
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Table 4.1 Wild type and mutant licase activities 
assayed at 25°C and 35°C. 
As mentioned in the text, the final degree of closed 
circle formation varies considerably with different H 
bonded A circle preparations. All the assays represented 
here were performed with the same preparation and are 
thus comparable. 	At least two independently prepared 
extracts of each strain were tested. The actual extract 
used in each incubation, and whether it was made in the 
presence of PMSF, is given in the column headed PV—SF/extract. 
C) 
	
Table Lj 	 - 
Strain Temp 	lenth of 	protein! 	DNA! 	 PMSF/extract closed 	tota1cm 	% closed 
972h 25 30 176 1.68 -/16.4 5131 1.77 2.9 
972h7 35 15 5835 3.3 
972h 25 30 134 +125.4 3877 1.74 2.25 
972h7 35 15 4489 2.61 
K42h7 25 30' 193 -/16.4 809 0.455 
K42h7 25 30 170 -/25.4 446 0.256 
2h 25 30 178 +/25.4 871 0.500 
K42h7 25 27 +/25.4 856 0.491 
K42h7 35 15 193 -/16.4 0 0.0 
K42h ' 35 15 178 +/25.4 0 0.0 
K42h7 35 15 	, 178 +/25.4 0 0.0 
m44h7 25 30 174 -/16.4 4310 2.48 
I'175h 25 30 164 -/164 11e3 0.68 
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CHAPTER 5 
A DISCUSSION CONCEPNING THE GENETICS OF DNA REPLICATION IN S. POMBE 
(i) 	An Assessment of the Method used for Isolating Mutants 
Defective in DNA replication in S. pombe 
The isolation of mutants defective in DNA replication has relied 
on the assumption that such mutants will not immediately cease growth 
at the restrictive temperature and will only be primarily defective 
in ccrnpleting the S phase period of the cell division cycle. Mutants 
have been isolated as ts cdc mutants which are defective only in the 
period of the cell cycle leading up to, or occupied by, S phase. It 
is now possible to assess the success of this approach. 
The 30 mutants isolated on the basis of the above phenotype have 
been allocated to 9 unlinked nuclear genes. 	Mutants in 5 genes 
(cdc 10, 20, 21, 22, 23) have execution points at or prior to S phase 
and indeed show some primary defect in bulk DNA synthesis on shift 
to the restrictive temperature. These are therefore immediately 
confirmed as mutants defective in DNA replication, either in its 
initiation or continued progress. The rest of the mutants, which 
map in 4 genes (cdc 17, 18, 19, 24), also have execution points at 
or prior to S phase, but show no significant primary defect in bulk 
DNA synthesis during their S phase at the restrictive temperature. 
An analysis of the molecular weight of nascent DNA strands syn-
thesised at the restrictive temperature in these strains has been 
used as a more sensitive evaluation of their hypothetical defects 
in S phase. This study has revealed that the nascent DNA of cdc 
17 mutants accumulates as Okazaki fragments. Enzyme assays suggest 
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that this locus is the structural gene for DNA ligase. The 
function completed by the cdc 24 gene product has been implicated 
in a later stage in the formation of high molecular weight DNA. 
The phenotype of cdc 18-1(46 is leas easy to interpret. This 
mutant has an execution point significantly prior to S phase, yet, 
at the restrictive temperature, cells of cdc 18-1(46 enter an S phase 
during which bulk DNA is doubled. However, a preliminary study of 
the size of the nascent DNA strands produced at the restrictive 
temperature suggest that this S phase is not entirely normal. 
Therefore, it would seem that the cdc 18 gene product may also be 
necessary for the proper completion of DNA replication, even though 
it appears to complete its function prior to S phase. cdc 19-21 
has not yet been investigated beyond an analysis of its pattern of 
bulk DNA synthesis at the restrictive temperature, which appears to 
be normal. 
In conclusion, most, if not all, of the presumptive DNA repli-
cation mutants isolated on the basis of their cell cycle behaviour 
are indeed defective in some function of DNA replication or its 
initiation. The isolation scheme has proved its worth in particular 
for those mutants which are not defective in DNA synthesis. Mutants 
in such genes as cdc 17 and cdc 24 are undoubtedly defective in 
aspects of DNA replication, but they would not have been isolated 
if more rigid criteria had been applied during the screening, such 
as the assumption that all mutants defective in DNA replication 
would necessarily be defective in bulk DNA synthesis. 
Mutants defective in DNA replication have now been isolated 
on the basis of their ts cdc phenotype in several eukaryotic 
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organisms: in S. cerevisiae (Hartwell, 1971, 1973), in Aspergillus 
nidulans (Orr and Rosenberger, 1976), and in Chlamvdomonas reirthardji 
(Howell, 1974). 	In S. cerevisiae, 150 ts cdc mutants were isolated 
from a collection of 1500 temperature sensitive clones (Hartwell et 
al., 1973). 	These mutants have been classified into 32 complementation 
groups or genes. Mutants in 5 of these genes are primarily defective 
in bulk DNA synthesis, 3 in its initiation and 2 in its continued 
progress (Hartwell, 1973). 	Further analysis has revealed that mutants 
in another 2 of these genes are also defective in DNA replication but 
not, apparently, in bulk DNA synthesis (Hartwell, 1976). 	Therefore, 
the results obtained in S. pombe are both qualitatively and quanti-
tatively similar to those in S. cerevisiae. 
(ii) A Comparison of the Mutants Isolated in S. pombe with those 
Isolated in other Organisms, and Conclusions to be Drawn 
from their Defects 
Mutants Defective in the Initiation of DNA Replication 
The genetic and physiological characterization of mutants 
described in the previous Sections has revealed 4 genes whose pro-
ducts probably function in the initiation of DNA replication in S. 
pombe. 	These are cdc 10, 18, 20, 22. 
cdc 10, 20, 22. 
Mutants in these genes share the same ts phenotype. Their 
ts functions are required for DNA synthesis but are complete prior 
to S phase at the permissive temperature. 
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The most extensive analysis of equivalent mutants in other 
organisms is that undertaken by Hartwell and his colleagues on the 
mutants in cdc 28, 4 and 7 in the budding yeast S. cerevisiae. The 
gene products of these genes function sequentially in a temporal 
and ,causal order. Completion of the cdc 28 function, which probably 
sensitive to mating hormones )  
occurs in conjunction with the event / 	is required for spindle 
plaque duplication and for completion of the cdc 4 function. The 
latter is required for plaque separation and for completion of the 
cdc 7 function, which in turn is necessary for the initiation of DNA 
replication (Hereford and Hartwell, 1974; Byers and Goetsch, 1973). 
It is apparent from these studies that the set of functions, Identi-
fied by the characterization of mutants defective in the initiation 
of DNA replication, contain not only those possibly necessary for 
the actual initiation of S phase but also those necessary for pro-
gress through the early events of the cell division cycle which lead 
up to S phase. 
The work of Jazwinski and Edelman (1976), showing that yeast 
extracts are capable of stimulating the initiation of DNA replication 
in frog nuclei, implies that many of the functions involved in DNA 
replication and its initiation are highly conserved throughout the 
eukaryotic kingdom. 	In fact, S. pornbe and S. cerevisiae, both 
being members of the Saccharomycetacae, are closely related phylo-
genetically. Therefore, it is quite possible that homologous 
functions have been identified during their respective genetic 
analyses. For instance, the isolation of ts mutants in both species 
has revealed 3 genes whose products are required for the initiation 
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of DNA replication. It may therefore be constructive to compare 
directly the 3 groups of mutants identified in S. pombe with the 3 
identified in S. cerevisiae. 
The 3 "initiation" genes, in S. pombe have not yet been sequenced 
as a causal pathway as have those in S. cerevisiae. Therefore it is 
not possible to compare the two sets of mutants on the basis of their 
order of function. Consequently, it is necessary to ccmpare them, 
in isolation of each other, on the basis of their distinctive pheno-
types. 	In fact, the characteristic phenotypes of mutants in cdc 28, 
4 and 7 in S. cerevisiae are quite distinct from each other. Mutants 
in cdc 28 are unique because they are not only unable to initiate ]DNA 
replicaticn but also unable to initiate bud emergence. 	Indeed, this 
phenomenon was one of the factors which led Hartwell et al. (1974) to 
conclude that the cdc 28 function is involved in the "start" of the 
cell division cycle. 	All the other mutants of S. cerevisiae are 
either defective in the DNA replication-mitosis pathway or in the bud 
emergence-nuclear migration pathway of the cell cycle (Hartwell, 1974). 
Mutants in cdc 4 are uniquely characterized by their repeated budding 
at the restrictive temperature. 	It would appear that, in these 
mutants, spindle plaque separation is arrested at that stage which 
normally leads to bud emergence, hence the repeated budding (Hartwell, 
1971). 	Mutants in cdc 7 are unique in that protein synthesis is 
not required for the round of DNA replication that takes place when 
cells, arrested at the ts block, are shifted back to the permissive 
temperature (Hereford and Hartwell, 1974). 
Turning to a comparison with cdc 10, 20 and 22 in S. pombe, it 
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is unfortunately evident that the phenotypes uniquely associated 
with mutants in cdc 28 and cdc 4 in S. cerevisiae could not possibly 
be recognized in equivalent S. pombe mutants because cell division 
in S. pombe occurs via fision as opposed to budding. The phenotype 
characteristic of mutants in cd.c 7 in S. cerevisiae remains but has 
not yet been sought in the mutants of S. pombe. 
Mutants defective in the Gl phase of the cell cycle have now 
been isolated in several different mammalian cell lines. A cold 
sensitive mutant of cno cells arrests in a quiescent "GO" state at 
the restrictive temperature (Crane and Thomas, 1976), suggesting 
that it may be defective in an event controlling entry into the 
mitotic cycle; it is thus possibly analogous to the "start" mutant 
of cdc 28 in S. cerevisiae. 	A series of ts clones of BALB/3T3 cells 
have been isolated, which are defective in different stages of GI 
(Naha et al., 1975). 	However, since there has been no genetic ana- 
lysis, it is not known how many functions are involved. 
As already mentioned in the Introduction, gene products from 
several genetic loci have been identified in the initiation of DNA 
replication in bacteria. However, the initiation of DNA replication 
in eukaryotes appears to differ significantly from that in prokaryotes 
notably in its lack of membrane attachment (e.g. Huberman et al., 
1973). 	Moreover, it is evident from the work on S. cerevisiae that 
many of the events leading up to S phase in eukaryotic organisms 
may be concerned with the assembly of the chromosome separation 
apparatus, whose properties differ radically between the two king-
doms. Therefore, the knowledge of events leading up to the 
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initiation of DNA replication in prokaryotes may be of limited 
significance for eukaryotes. On the other hand, the functions im-
mediately involved in initiation, such as the synthesis of origin 
RNA, may have much in common. It is possible that the function en- 
coded by cdc 7 in S. cerevisiae fulfils an analogous role to that 
of the dna A or dna C proteins in E. coli. 
cdc 18. 
The evidence from temperature shift experiments suggests that 
the ts function of cdc 18-K46 is completed prior to S phase at the 
permissive temperature. Its completion is not necessary for bulk 
DNA synthesis during S phase but preliminary results suggest that 
it is required for a normal completion of S phase resulting in high 
molecular weight nascent DNA. The phenotype of this mutant is re- 
- 	znarkably similar to that ofcdc6-327 of S. cerevisiae (Hartwell, 
1976). 	cdc 6-327 has an execution point at 0.24 in the cell cycle 
(Hartwell et al., 1973), which is coincident with the start of S 
phase. However, it appears to-incorporate precursors into DNA at 
a normal rate when cells enter S phase at the restrictive temperature, 
but it then fails to undergo mitosis. Consequently, it was classi-
fied as a mutant defective in an early function of the developmental 
pathway leading to mitosis (culotti and Hartwell, 1971). 	However, 
subsequent work (Hartwell, 1976) has shown that the S phase in this 
mutant at the restrictive temperature is not complete because cells 
arrested at the cdc 6 block are unable to divide in the presence of 
hydroxyurea when shifted from the restrictive to the permissive 
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temperature. The phenotypes of both cdc 18-K46 (S. pombe) and cdc 
6-327 (S. cerevisiae) are somewhat enigmatic. It is possible that 
peculiar denaturation kinetics are responsible in both cases since 
both sets of results are based upon the temperature shift behaviour 
of a single mutant allele. 
So little is known about the biochemical steps leading to the 
initiation of DNA replication in eukaryotic organisms that it is 
futile to assess what fraction of them may have been revealed in this 
genetic analysis of the process in S. pcwbe. 
Mutants Defective in the Process of DNA Replication 
This study has revealed 4 genes whose products appear to function 
in the actual process of DNA replication in S. porthe. These are cdc 
17, 21, 23, 24. 
cdc 23: 
cdc 23-M36 shows an immediate inhibition of DNA synthesis on 
shift to the restrictive temperature. 	Its ts function cannot be 
completed in the presence of hydroxyurea at the permissive temperature, 
suggesting that it is involved in the actual process of DNA synthesis. 
In S. cerevisiae, mutants in two genes, cdc 8 and cdc 21, have 
a similar phenotype (Hartwell, 1973). The cdc 21 gene product is 
involved in thymidylate metabolism (Game, 1976). The function of 
the cdc 8 gene product is as yet unknown. Both the cdc 8 and cdc 21 
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gene products are required for mitochondrial DNA synthesis as well 
as nuclear (Newlon and Fangman, 1975). Mutants defective in DNA 
synthesis have been isolated in at least two mammalian cell lines 
(Sheinin, 1976; Slater and Ozer, 1976), but their phenotypes are 
complicated by the fact that DNA synthesis is only inhibited after 
several hours at the restrictive temperature. The gene products 
involved in the replication of the bacterial gencme have been dis-
cussed in the Introduction. There is at present no evidence as to 
which aspect may be defective in mutants of cdc 23 in S. poc±e. 
cdc 21: 
Data on cell division in cdc 21-M68 on shift to the restrictive 
temperature suggests that the cdc 21 gene product normally completes 
its function during S phase. 	When cells of cdc 21-1-568 enter S 
phase at the restrictive temperature DNA synthesis starts at a. normal 
rate but becomes increasingly inhibited as S phase proceeds. Mitosis 
does not follow from this defective S phase. 
There are at least four possible interpretations of this pheno- 
type: 
(1) The cdc 21 gene product may function in the supply of a product 
which is used up during DNA replicatiai. Such a product 
could be either a protein involved in DNA binding or a DNA pre-
cursor. The mutant may have a limited capacity to supply the 
product, which only becomes limiting after a pool has been de-
pleted by earlier DNA synthesis. 
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cdc 21-M68 may be severaly defective in an essential aspect 
of DNA replication whose failure does not cause an immediate 
cessation of DNA chain extension. 	For instance, neither 
DNA polymerase I nor DNA ligase appear to be necessary for 
bulk DNA synthesis, yet they perform essential functions 
during DNA replication. 	In the case of DNA ligase in S. 
pombe, it appears that the movement of replication forks is 
at no stage inhibited by a lack of DNA ligation. 	However, 
this may not hold true for a lack of RNA primer excision by 
an enzyme analogous to Polymerase I. This is only an example. 
There are probably several types of defect which do not im-
mediately cause a cessation of DNA synthesis but do so 
eventually. 
The observations of Newlon et al. (1974) on the comparative 
lengths of DNA replication eyes in S. cerevisiae suggest 
that DNA replication in yeast is not initiated at all repli-
cons simultaneously at the start of S phase. Therefore, it 
is possible that the kinetics of DNA replication in cdc 21-M68 
could be explained by a specific failure to initiate late 
replicons. 
It is possible that the cdc 21 gene product is either only 
thermolabile when active during DNA replication or only syn-
thesised just prior to S phase. 	In either case, slow de- 
naturation of the gene product could therefore account for 
the observed kinetics of DNA synthesis. 
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The ambiguous results obtained in the reciprocal shift experi-
ment with hydroxyurea possibly provides some discrimination between 
these alternatives. 	It was found that cells of cdc 21-M68, when re- 
leased at 36°C from a hydroxyurea block at 25 0C, are competent to 
divide, but only after a longer than usual period after the shift. 
The first explanation for the cdc 21-M68 phenotype is certainly con-
sistent with this result. The block on DNA synthesis imposed by 
hydroxyurea is leaky (see Mitchison and Creanor, 1971) and therefore 
the population of cells arrested at S phase at the end of the 3 hour 
incubation with hydrcxyurea at the permissive temperature may have 
undergone considerable DNA synthesis. Thus, the extent of DNA syn-
thesis required on shift to the restrictive temperature may be within 
the capacity of the mutant to support. The second two explanations 
are probably more inconsistent with the hydroxyurea experiment. How-
ever, the last explanation is also consistent. 
The explicit phenotype of cdc 21-1468 has not been reported for 
any of the DNA mutants of S. cerevisiae. 	However, it is possible 
that mutants in cdc 2 of this organism share a similar phenotype. 
Mutants in cdc 2 have execution points during the S phase of the 
cell cycle (Hartwell et al., 1973). 	However, cells of cdc 2-370D1 
appear to incorporate radioactive precursors into DNA at a normal 
rate at the restrictive temperature (Culotti and Hartwell, 1971). 
Therefore, this gene was originally classified as one whose gene 
product was only required for mitosis. The experimental design used 
by Culotti and Hartwell (1971) to establish that S phase occur ed 
normally in this mutant was similar to that used in this study. DNA 
synthesis was observed in a synchronous population of mutant cells 
as they entered S phase at the restrictive temperature. 	In the ex- 
perimental design outlined in this thesis, DNA synthesis in synchronous 
cultures was followed by the measurement of absolute DNA content by 
the method of Burton (1956). However, in the equivalent experiment 
performed by Culotti and Hartwell (1971), DNA synthesis was followed 
by the measurement of radioactive precursor incorporation into DNA.. 
Their synchronous cultures were prepaxéd from unlabelled cells and 
were simply incubated with tracer on inoculation. Therefore, it is 
impossible to deduce from the pattern of DNA labelling observed in 
such an experiment whether a complete round of DNA synthesis has 
occured. 	Indeed, it now transpires that cells of cdc 2-370D1 
arrested at their ts block are unable to divide in the presence of 
hydroxyurea on shift back to the permissive temperature. This. sug-
gests that DNA replication at the restrictive temperature is in fact 
incomplete in cdc 2 mutants. Therefore, the mutants may be analogous 
to cdc 21-M68 in S. pombe or they may be analogous to those in cdc 17 
or cdc 24 (see below). 
cdc 24: 
Data on cell division in mutants of cdc 24 on shift to the re-
strictive temperature suggest that the cdc 24 gene product completes 
its function by the end of S phase. This is confirmed by the be-
haviour of synchronous cultures at 36°C. When cells of cdc 24-M38 
enter S phase at the restrictive temperature their DNA content 
doubles exactly and at a normal rate, which implies that the function 
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of the cdc 24 gene product is not required for DNA chain extension. 
However, the converse is not true. Cells fail to complete the cdc 
24 function in the absence of DNA synthesis. 
The nascent DNA made in cdc 24-M38 during s phase at the re-
strictive temperature does not have the same high molecular weight 
profile as that found in wild type. The mean size of the DNA frag-
ments is approximately half; that is, 1/20 times the length of in-
tact chromosomes. The relative intactness of the parental strands 
in comparison suggests that these fragments may represent unjoined 
nascent DNA strands. The rest of the discussion that follows is pre-
died on this interpretation. 
It is not at all clear what stage of nascent DNA precursor 
these fragments might represent. The length of replicons has not 
been investigated in S. pcttbe but their average length in the yeast 
S. cerevisiae is probably about 70 kilobases (Newlon et al., 1974). 
Therefore, the fragments that accumulate in cdc 24-M38, which are 
approximately 500 kilobases long, do not appear to correspond to 
the size of replicons. However, it should be borne in mind that 
considerable joining may take place in vivo, even at the restrictive 
temperature. 	For instance, it is possible that complete joining is 
necessary for the initiation or completion of mitosis. 	In which 
case, mutants of cdc 24 could complete 90% of the joining and still 
not be able to undergo mitosis, the only criterion of leakiness 
presently available. Therefore, it is still conceivable that mutants 
in cdc 24 are defective in joining nascent DNA strands at the level 
of replicons. 
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The different phenotypes of mutants incdc 17 and cdc 24 imply 
that there are at least two levels of DNA joining during DNA repli-
cation in S. pombe. 	In fact, there is now considerable evidence 
that a higher level of DNA joining than that of Okazaki fragments 
occurs in most organisms. 
In E. coli, there is evidence that a second stage of precursor 
DNA joining involves the sealing of 38 S nascent DNA strands. The 
biochemistry of this step is unknown; it may also involve DNA ligase. 
It has been suggested that it is the site of action of Nauidixic 
acid, an inhibitor of DNA synthesis in E. coli (Crumplin and Smith, 
1976). 	nal A mutants are altered in a gene product that is involved 
in this joining and thus at least one protein other than DNA lgase 
is necessary. 
In mammalian cells, it has been noticed that the nascent EVA 
from adjacent replicons is not joined together as soon as adjacent 
nascent DNA strands are complete (Kowalski and cheevers, 1976) 
This suggests that a special function is possibly necessary for this 
process. 	Indeed, Sheinin (1976) has characterized a ts mutant of 
mouse L cells which appears to have a specific defect in the joining 
of 30 S nascent DNA strands. This mutant may be defective in the 
above process. 
Despite the recognition of higher levels of nascent DNA joining, 
little is known about the necessity or mechanism of such processes. 
One possibility is suggested by the observation of Worcel and his 
colleagues that both prokaryotic (Worcel et al., 1973) and eulcaryotic 
(Benyajati and Worcel, 1976) chromosomes are organized into domains 
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of supercoiling. This implies that, at the junctions of the domains, 
chromosomes are rigidly constrained by some unknown structure. 	It 
is possible that a special mechanism is required for complete DNA 
replication in the area ofthese structures. Another possibility 
is that the problem of terminating the 5' ends of discontinuously 
replicated linear stretches of DNA (previously discussed in the 
Introduction) may be encountered at frequent intervals within a single 
chromosome. 
cdc 17: 
Mutants of cdc 17 have a cell cycle phenotype similar to mutants 
of cdc 24; that is, they are defective in a function normally ccm-
pleted by the end of S phase but not required for DNA synthesis it-
self. 	In addition, mutants in cdc 17 have a therinosensitive UV. 
sensitivity, accumulate Okazaki fragments at the restrictive temper- 
ature, and have a thermosensitive DNA ligase activity. 	All this 
implies that the locus is the structural gene for DNA ligase. How-
ever, no attempt has yet been made to show that all the different 
ts phenotypes of mutants in cdc 17 co-revert. 
DNA ligation is the joining of different DNA chains. 	It has 
long been a necessary feature of models for recombination and repair 
and the observation that bacterial DNA synthesis is discontinuous 
(Okazaki et al., 1968) implied that it was also an essential aspect 
of DNA replication. The existence of DNA ligation in vivo was 
first demonstrated by the observation that a fraction of linear DNA 
from bacteriophage Lambda is rapidly converted to a closed circular 
form soon after infection of E. coli (e.g. Bode and Kaiser, 1965). 
94. 
In fact, this phenomenon also served as the basis for one of the 
first demonstrations of DNA ligase activity in vitro (Gellert, 1967). 
The same method has been used for the assay of WA ligase in the work 
presented here on S. pombe. 
DNA ligases have since been discovered in a wide variety of 
organisms (Lehman, 1974). 	In general, they have a very restricted 
substrate specificity. They will usually only catalyse the synthesis 
of a phosphodiester bond between adjacent 3' hydroxyl and 5' phosphoryl 
ter-mini in duplex DNA. 	However, some are more versatile than this. 
For instance, the T4 enzyme is also capable of joining oligodecxy-
nucleotides or oligoribcnucleotides in RNA-WA hybrid duplexes and 
even duplex DNA molecules with fully paired termini (Sgaramella et 
2.' 1970). 
Both the E. coli and T4 enzymes have been purified to homogeneity. 
The former is composed of a single polypeptide with a molecular weight 
of 74,000 Daltons (Modrich et al., 1973). The E. coli enzyme re-
quires NAD, whereas the T4 enzyme requires ATP. Eukaryotic DNA 
ligases also require ATP (Söderhâll and Lindahl, 1976). 
The in vivo function of prokaryotic DNA ligases has been exten-
sively investigated by the isolation of mutants. This was first 
achieved with the T4 enzyme. It was discovered that gene 30 mutants 
are altered in the structural gene of DNA ligase (Fareed and 
Richardson, 1967). However, the interpretation of the phenotypes 
of these mutants has been complicated by the uncertainty as to what 
extent the host enzyme can substitute for a defective phage enzyme. 
For this reason, work has concentrated mainly on the properties of 
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E. coli DNA ligase mutants. However, even here the story that has 
emerged is not simple. 
In 1968 Pauling and Hamm isolated a temperature sensitive radi-
ation sensitive mutant (ts 7) of E. coli TAU bar.' li ts  
Lig  7 has 
about 1% of the TAU bar activity at 25 °C and even less at 400C 
(Modrich and Lehman, 1971). The mutant accumulates Okazaki fragments 
at the restrictive temperature and it was therefore assumed that DNA 
ligase was essential for DNA replication and hence growth. However, 
this phenotype was not corroborated in the hg mutants isolated by 
Gellert and Bullock (1970). They first isolated an E. coli mutant 
lop 8 which supported the growth of T4 phage with a defective DNA 
ligase. 	1cp 8 is adjacent to the lig gene. 	It is a cis dominant 
mutation and causes overproduction of host cell WA ligase. F. coil 
DNA ligase mutants were then simply selected on the basis of grcwth 
In the presence of T4 DNA ligase mutants. This ingenious method 
produced two mutants, li a-2 and 11.274, which both had as low in vitro 
DNA ligase activity as ts 7. However, neither of these strains were 
ts lethals or UV sensitive, although they were significantly slower 
than wild type F. coil K12 in joining Okazaki fragments. To explain 
this discrepancy, Gellert and Bullock (1970) suggested that the ts 
lethality of ts 7 might be exceptional and due to a secondary mutation 
or inducible plasmid. 	Consequently, the lig ts 7 gene was transduced 
into E. coli K12. However, it was discovered that the ts phenotype 
was unaltered (Konrad et al., 1973; Gottesman et al., 1973). There-
fore, it has been suggested that DNA ligase is in 100 fold excess in 
wild type F. coil and that in !2-2 and in Li974 there Is just adequate 
.. 
DNA ligase activity whereas lig ts 7 is critically deficient (Lehman, 
1974). 
The story has a further twist; for in 1974 Nagata and Horiuchi 
isolated a DNA ligase amber mutant lig 321 in a strain of E. coli K12 
harbouring a ts nonsense suppressor, sup 126. 	Like ts 7, lig 321 is 
ts lethal and accumulates Okazaki fragments at the restrictive temper-
ature. However, unlike ts 7, which continues to accumulate DNA for 
a limited period at the restrictive temperature (Konrad et al., 1973), 
there is a net loss of DNA in lig 321, and in fact the parental MA 
is rapidly degraded (Horiuchi et al., 1975). 	These differences have 
yet to be reconciled. 
In conclusion, it is now generally accepted that E. coli has a 
single DNA ligase which is essential for DNA replicaticn on both 
parental strands, for all DNA repair, and for recombination. However, 
no coherent picture has yet emerged concerning the effect of a failure 
of ligation on events at the replication fork. 
Eukaryotic DNA ligases have also been found and partially pun-
fied (S5derhä1l and Lindahi, 1976). 	Mairmalian cells have two 
different enzymes (Söderhäll, 1976), but their respective physiological 
roles are unknown. The level of DNA ligase I in different cell lines 
varies in proportion to their proliferation rate (Sderhll and 
Lindahl, 1975), indicating that it is possibly active in DNA repli- 
cation. 	 - 
Pulse labelling experiments (Edenberg and Huberman, 1975) and 
the absence of 3' 	5' DNA polymerase activities suggests that eukar- 
yotic DNA replication is also discontinuous and by implication has an 
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essential recuireinent for DNA ligase. However, the demonstration 
that nascent DNA is in the form of Okazaki fragments does not 
necessarily imply that DNA replication is discontinuous. For instance 
Tye et al. (1977) have shown that in E. coli such fragments can also 
be generated through the excision repair of uracil residues incorporated 
into nascent DNA. Therefore, the demonstration by Kriegstein and 
Hogness (1974) of single strand gaps only in the trans position of 
Drosophila replicating DNA eyes is important independent evidence that 
replication is discontinuous on at least one strand. 
In order to complement physiological and enzymatic studies it 
is necessary to isolate mutants which are defective in DNA replication 
or repair. 	Sheinin (1976) has discovered a temperature sensitive 
mutant of mouse L cells which does show some defect in the joining 
of nascent DNA fragments but not, apparently, at the level of 
Okazaki fragments. The phenotype of this mutant is complex and its 
DNA ligase activity has not yet been published. The genetic analysis 
of conditional cell division cycle mutants (Hartwell, 1974) and 
radiation sensitive mutants (Cox and Parry, 1968) is most advanced 
in the yeast Saccharomvces cerevisiae but, so far, with the exception 
of cdc 21 which codes for a protein involved in thymidylate metabolism 
(Genie, 1976) there are, no reports of their successful enzymatic 
characterization. Hartwell (1976) has suggested that mutants in 
cdc 2 in S. cerevisiae may be defective in DNA ligase. 	However, the 
only evidence that this may be so i's that these mutants are defective 
in some aspect of S phase not concerned with bulk DNA synthesis. 
In this thesis I have described the isolation and characterisation 
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of three independent conditional lethal mutants of S. pombe which 
appear to be altered in the structural gene for DNA ligase in this 
yeast. Their properties suggest that a single enzyme is responsible 
for the replication of both parental strands and also fcr DNA repair, 
but probably not extensively in other aspects of the cell's metabolism, 
such as sealing single strand gaps used for DNA unwinding as suggested 
by Haskell and Davern (1969). 	Mitochondrial DNA has not been invest- 
igated during this study and therefore it is not known whether or not 
a separate mitochcndrial enzyme exists. There is no evidence that 
DNA chain extension or movement of replication forks is disrupted by 
a lack of nascent DNA ligation in S. pcmbe. 	However, mitosis is dis- 
rupted by such a defect. 
Conclusion 
At least 15 gene products are probably required in the process 
of DNA replication in E. coli. 	Therefore, it would appear that only 
a fraction of those necessary in S. pombe have so far been revealed 
by the genetic analysis. 	However, only conditional lethal mutants 
have been sought in this study and it is possible that some functions 
are either coded for by more than one gene or can be replaced by the 
functions of different gene products. 	It is also possible that de- 
fects in some gene products necessary for DNA replication also cause 
a failure in cellular growth, in which case such mutants would not 
have been isolated by the procedure adopted in this study. 
PART IT 
THE TI!aNG AND DURATION OF S PHASE IN S. POE 
THE TIMING OF DNA REPLICATIG IN S. POE 
Introduction 
The events leading up to DNA replication in eukaryotic cells 
can be divided into those that are actually involved in its initiation 
and those which, although necessary - for the initiation of S phase, are 
more directly concerned with the commitment of a cell to a new cell 
cycle. 	The genetic analysis of both of these processes has been 
begun by the isolation and characterization of mutants defective in 
the initiation of DNA synthesis, as described in Part I. 	It is 
apparent from this work that the functions encoded by cdc 10 and cdc 
20 are completed significantly prior to S phase. This implies that 
the gene products encoded by these genes may be involved in the 
events of Gl emanating from a commitment to a new cell division cycle 
rather than in the process of DNA replication initiation itself. This 
Chapter is devoted to a study of the control of DNA replication in S. 
pombe by events occuring in Gl. 
It is now widely believed that the control of cell proliferation 
in many eukaryotic organisms is exerted exclusively during the GI 
phase of the cell cycle (Prescott, 1976). 	However, the controls over 
the cell cycle in S. pombe are more complex. The isolation and 
analysis of wee mutants (Nurse, 1975) has shown that there is a con-
trol acting over mitosis. For instance, a significant proportion 
of the G2 nuclei of ts wee mutants, when shifted from a temperature 
at which the cells are the same size as wild type to one at which 
they are half the size, are immediately accelerated into mitosis. 
ME 
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This effect is also observed when wild type cells are shifted from 
one nutrient medium to another at which their steady state size is 
smaller (Fantes and Nurse, 1977). 	Therefore, it appears that the 
major control over cell division in S. oombe lies not at the be- 
ginning of the cycle in Cl but at the end just prior to mitosis. 
DNA replication is causally dependent upon previous mitosis in S. 
pornbe (Nurse et al., 1976) and follows soon after it. 
However, a further analysis of wee mutants has revealed that 
there is also some control, involving cell size, acting over the 
Initiation of DNA replication (Nurse and Thuriaux, 1977). 	It is 
argued that this control is cryptic in wild type because the size 
of wild type cells at S phase, which is directly determined by the 
control over mitosis in the previous cell cycle, is always above 
the critical size that a cell needs to attain in order to pass 
through the control acting over the initiation of DNA synthesis. 
The timing of S phase in wild type cells is therefore determined by 
mitosis; that is, it occurs as soon after mitosis as is possible. 
In wee mutants where the size control acting over mitosis is abolished, 
the mean cell size is nearly halved and the cryptic size control 
acting over DNA replication is revealed. 	As a result, all wee 
mutants have a significant Gi period of 0.3 of a cycle during 
which, it is argued, they are growing to a size critical for DNA 
replication to proceed. 
This hypothesis has been tested by an analysis of the timing 
of S phase under conditions where wild type cells are abnormally 
small (and incidentally the same size as wee mutants) and hence 
liable to reveal their control over the initiation of DNA 
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replication (Nurse and Thuriaux, 1977). These conditions are the 
outgrowth of spores and of nitrogen starved cells. Both these pop-
ulations are initially arrested in Gl. 	On reinoculation, both wild 
type and wee cells have a significant Gi before S phase occurs at 
the same cell size in both strains (6-8 pg protein/cell); a size 
that is comparable to the size at which wee cells growing in steady 
state undergo DNA synthesis. 	wee cells then have a short G2, whereas 
wild type cells have a long G2 and eventually divide at twice the 
size. 	Thus, the Gl observed in wee cells growing in minimal medium 
at steady state is not due to some S phase delay directly caused by 
their altered genotype, but simply because they are smaller, and 
thereby the size control over the initiation of DNA synthesis is 
revealed. 
The experimental evidence presented in this Chapter relates to 
two important aspects of the hypothesis postulated by Nurse and 
Thuriaux (1977). The first concerns the exact timing of S phase 
in wild type cells growing in minimal medium. The hypcthesis states 
that the Gl under these conditions should be very short and represents 
a minimum time necessary for the cell to recover from mitosis and 
enter S phase. 	Evidence that this is so is presented. 	The second 
concerns the existence of the postulated Gl control in wild type 
cells. At present, the most significant delay in the initiation 
of S phase, and hence evidence that it is held back by some control, 
is the 0.3 of a cell cycle delay in wee strains. The Gl observed 
in wild type cells, on reinoculation of spores or nitrogen starved 
stationary cultures is not long and is subject to alternative 
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interpretations since these cells are not in steady state. 	For 
instance, it is possible that the entire DNA synthetic machinery of 
the cell is essentially "closed down" in spores and nitrogen starved 
cells and that the observed Gl on reinoculation is simply due to the 
time taken to prepare for a round of DNA synthesis. Evidence is 
presented here that wild type cells growing under steady state con-
ditions in a chemostat also express a control acting in Gl over the 
initiation of DNA replication. 	 - 
The length of GI in 972 h when growing in minimal medium 
Results 
Mitosis is complete by approximately 0.8 in the cell cycle in 
S. porzbe (that is, with respect to cell separation). 	Cell plate 
formation follows 0.05 of a cell cycle later. This is a reliable 
estimate calculated from the proportion of binucleate cells in an 
asynchronous culture which have not yet formed a cell plate. 	In 
studies of synchronous cultures, the mid point of DNA doubling is 
at 0.0 (Mitchison and Creanor, 1971). 	Therefore, approximately 	0.2 
of a cell cycle elapses between the completion of mitosis and the 
mid-point of S phase. 	If the length of S phase is short (say 0.1 
of a cell cycle as suggested by Mitchison and Creanor (1971)), then 
Gl could be as long as 0.15 of a cycle, which, in terms of a minimum 
Gi as suggested by Nurse and Thuriaux (1977), is embarassingly long. 
Here, the true length of Gi has been studied by autoradiography 
of DNA labelling within cells from pulse labelled asynchronous 
cultures (See Appendix I). 	Such autoradiographs of 972 h cells 
grown at 32°C or 36°C in minimal medium show that the nuclei of 
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binucleate cells (i.e. ones that have just completed mitosis) which 
have not yet formed a cell plate are never labelled (Fig. 6.1 and 
Fig. 6.2). 	Therefore, Gl is at least 0.05 of a cycle long. 	The 
next recognizable morphological stage of the cell cycle is the cell 
plate stage. A count of the cell population used in this study 
revealed that 0.14 of the cell cycle is taken up by this stage. 
This value was calculated from the proportion of such cells in an 
asynchronous population (as judged by the microscope viewing con-
ditions used for the analysis of DNA autoradiographs; see Appendix 
II). 	Of the nuclei of this population of cell plate cells, only 6% 
were unlabelled after a 20 mm 	 0 pulse label at 32 C. 	Assuming that 
these nuclei also represent Gl nuclei and not nuclei that have al-
ready passed through S phase by the beginning of the pulse label, 
then the total length of Gi = 0.05 + 0.06 x 0.14 = 0.06 of a cell 
cycle. 	A second independent estimate from a different pulse 
labelled culture gave a value of 0.07. The former translates into 
9 znins for cells growing with a mean generation time of 150 mins at 
32°C. 
This estimate of the length of Gl is a maximum, for there are 
several reasons why it may be even shorter. 	For instance: 
(1) It may be difficult or even impossible to label the early 
part of S phase due to precursor kinetics. 	In which case 
some of the nuclei classified as Gl nuclei because of their 
lack of labelling may in fact have initiated S phase. 
The kinetics of DNA synthesis during S phase is not known. 
It is possible that the rate is particularly low at the 
beginning and therefore cells during this initial stage 
may be missed during the scoring due to their low level 
of labelling. 
It is just conceivable that some of the unlabelled nuclei 
of cell plate cells were unlabelled because they had al-
ready finished S phase by the start of the effective pulse 
period. 
Discussion 
The above estimate of the length of Gi under these conditions 
suggests that it spans no more than 6 - 7% of the cell cycle. This 
value is certainly consistent with the minimum GI hypothesis of 
Nurse and Thuriaux (1977); though finite, it is short by any 
standards. 
r 
The vitual absence of a Gi period is rare amongst eukaryotic 
A 
organisms, though there are several instances (Prescott, 1976). No 
Gl is detectable in Physarern po1ycehalum (Nygaard et al., 1960), 
in Amoeba proteus (Ron and Prescott, 1969), for the micronucleus 
of certain ciliated protozoa (Tetrahymena, McDonald, 1962 and 
Euplotes, Kimball and Prescott, 1962), or in a fast growing Chinese 
hamster cell line (Liskay, 1977). 	In Amoeba, the decision to 
initiate DNA synthesis is made 2 hours back in the G2 period. 
Therefore, it has been proposed that those events that normally 
occur in the Gi period of most cell types take place in the latter 
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part of G2 in Amoeba (Prescott, 1976). 	No experiments that directly 
relate to this point have been performed in S. pombe. However, the 
execution points of ts mutants defective in the initiation of DNA 
replication (e.g. those in cdc 10 and cdc 20) are possibly relevant. 
When cells are grown in minimal medi, neither of the functions en-
coded by these genes are completed until after mitosis. 	Whereas it 
is now known that DNA synthesis itself is dependent upon prior mitosis 
it is not known whether the events leading up to its initiation are 
similarly dependent. 	Therefore, it may be possible to test 
Prescott's hypothesis in the context of S. pcmbe by analysing whether 
the functions encoded by cdc 10 or cdc 20 can be completed in the 
absence of mitosis. 
A Control Acting Over the Initiation of DNA Replicaticn in S. porlbe 
Introduction 
As has already been mentioned, the proposed reason why the 
hypothetical size control over the initiation of DNA synthesis is 
not revealed in 972 h growing in minimal medium is that the size 
control acting over the initiation of mitosis is set so high that 
cells, when they are ready to enter S phase after mitosis, are always 
large enough to pass this control immediately. 	In order to observe 
this cryptic control operating in wild type cells, it is necessary 
to find situations where cells are small enough to be controlled by 
it. 
Nitrogen starved cells are predominantly arrested in Cl 
(Nurse and Thuriaux, 1977; Egel and Egel-Mitani, 1974). 	Moreover, 
the cells are very small (3.9 pg.protein/cell, see Table 6.2). 
Therefore, the size control over mitosis must be inoperative when 
cells run out of ammonium in order that they can complete the mitotic 
cycle in the absence of growth and arrest in Gi. The control over 
mitosis may be either directly sensitive to the concentration of 
ammonium ions in the medium or only to some other internal metabolic 
state induced by its absence. 	Thus, it is possible that cells 
growing in a chemcstat under ammonium limitation will also be free 
of the nuclear division size control due to the low concentration 
- 	of anonium in the medium under such limiting conditions. Therefore, 
a study has been undertaken to exploit this opportunity. The 
following account is a description of the timing of S phase in cells 
growing under nitrogen limitation in a chemostat. 
Results 
The normal composition of minimal medium (see Appendix II) is 
limiting in glucose. 	Fig. 6.3 shows the relation between final 
O.D. and the concentration of NH 4C1in the medium. 	It was decided 
to use a medium with a NH4C1 concentration of 30 mg/i and a glucose 
concentration of 2%. The final O.D. obtained in this medium is 
ten times lower than that obtained if the NH 4C1 is no longer 
limiting. 	The design of the chemostat is given in Fig. 6.4. 	It 
was assumed that the growth rate is given by the dilution rate. 
The position of S phase in cells growing in the chemostat has 
been analysed by two different methods. The first involves 
growing the ts mutant cdc 10-129 in the chemostat at the permissive 
temperature (25°C). 	Its execution point is determined by in- 
oculating a sample of cells withdrawn from the chemostat immediately 
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into fresh minimal medium at 36 0c and following the pattern of cell 
division. 	cdc 10-129 is a mutant with a temperature sensitive de- 
fect in the initiation of DNA synthesis (see Part I). 	There are 
several alleles of this gene (see Table 2.1) and all their execution 
points are mutually consistent, so that it is likely that the exe-
cution point of cdc 10-129 characterizes the completion of the 
function encoded by this gene rather than the thermosensitive decay 
of the mutant gene product. 	cdc 10-129 reverts at a very low fre- 
quency and it is indefinitely stable in the chemostat at 25 °C. This 
method will of course only reveal the timing of an unknown S phase 
initiation event, but it will also serve as the earliest estimate 
for the beginning of S phase. 	The position of S phase itself has 
been determined by autoradiocraphy of in situ cell DNA labelling as 
described in Appendix I. 	 - 
Fig. 6.5 shows the patterns of cell division, on reinoculation 
at 36°C, of cells of cdc 10-129 grown in the chemostat at a variety 
of different dilution rates. 	Fig. 6.6 shows the pattern of protein 
synthesis of a reinoculated culture. The first fact that emerges 
from these experiments is that cells grown in the chemostat are very 
much smaller than those grown in batch culture in high concentrations 
of ammonium ions. 	For instance, cells growing at a 13 - 14 hour 
mgt in the chemostat have a mean protein content of 5.2 pg/cell as 
opposed to the normal 12.5 pg/cell (data from Fig. 6.6). 	When 
ammonium ions are restored in high concentration as the cells are 
shifted from the chemostat to fresh minimal medium, the nutrient 
modulated size control acting over the initiation of mitosis 
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(Fantes and Nurse, 1977) is restored and mitosis is inhibited until 
the cells have grown large enough to pass this size control; hence 
the long first plateau in the cell number curves of Fig. 6.5. 	The 
cells only resume division when the normal cell size for these con-
ditions (15 - 16 pg protein/cell) has been attained. 	The final 
plateau in the cell number curves is the result of the block imposed 
by the ts mutation. Wild type controls continue exponentially at 
this point. The inhibition of mitosis on shift up is exactly ana-
logous to that observed when S. per_be is shifted from a slow growing 
medium with proline as nitrogen source to a fast one with ammonium 
as nitrogen source (Fantes and Nurse, 1977). 
It is apparent that the size of cells grown in the chemostat 
should be small enough to reveal the hypothetical size control 
acting on the initiation of DNA synthesis. 	It appears that the 
size control over mitosis is mostly, if not totally, abolished under 
the conditions of growth in the chemostat. Table 6.1 contains a 
summary of cdc 10 execution points for cells grown over a wide range 
of growth rates, as calculated from the cell division data of Fig. 
6.5. 	It is clear that the position of the cdc 10 execution point 
changes by more than a cell cycle over a sixfold variation in the 
growth rate. 	At very fast growth rates (e.g. a 3 hour mgt, as in 
complete medium) , the cdc 10 gene product appears to complete its 
function immediately after the mitosis in the previous cell cycle, 
whereas at very slow growth rates (e.g. an 18 hour mgt in the chemo-
stat) it does not complete its function until 0.18 of a cell cycle 
prior to the subsequent mitosis. Over this range of growth rates 
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the position of mitosis only varies from 0.7 to 0.9 - 0.95 in the 
cell cycle. Table 6.1 also shows the range of calculated times 
from the cdc 10 execution point to cell division. This parameter, 
which will be a maximum estimate of the length of S + G2, remains 
remarkably constant over the whole range of growth rates. Therefore, 
it is clear that the length of S + G2 is almost independent of the 
growth rate under these circumstances. 	All the variation in cell 
cycle time is due to a variation in the length of Gl. The data 
thus corroborates the hypothesis of Nurse and Thuriaux (1977) that 
S. 
 
pc--be not only has a control over the initiation of mitosis but 
also has an event in GI which controls entry into S phase. 
The data on cell division in cdc 10-129 on shift up out of the 
chemostat only reveals the proportion of cells that have completed 
the cdc 10 function. However, it is important to establish whether 
the completion of the cdc 10 function is dependent upon the position 
of the cell in the cell cycle. This has been investigated by an 
analysis of cell division in cdc 10-129 on shift up out of the 
chemostat by time lapse photomicrosoopy (see Fig. 6.7). 	Cells 
below a certain size, as indicated by their cell length at the time 
of reinoculation, have not completed the cdc 10 function, whereas 
those above this size,in general, have. 	In this same experiment, 
the rate of growth of cells through the cell cycle in the chemostat 
has been investigated by autoradiography of cells pulse labelled 
with 
3
H leucine. This shows that the rate of protein synthesis 
increases continuously with cell size (see Fig. 6.7). 	The data 
is consistent with an exponential growth of cells as they progress 
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through the cycle. Thus, it appears that even the C-i cells of 
chemostat populations are growing and that cells do not complete 
the cdc 10 function until they attain a certain cell size. 
It is now important to establish the actual position of S 
phase (the present estimates of the length of Gi and G2 are entirely 
based on the execution point of a ts mutant defective in some, as 
yet, unknown aspect of initiation of S phase). To do this, a sample 
of 972 h cells growing in the chemostat at a 9 hour ingt was pulse 
labelled with 6- 3H uracil, fixed, and treated for DNA soecific auto-
radiography as described in Appendix I. 	Fig. 6.8 shows the size 
distribution of cells with labelled nuclei. 	It is clear that the 
distribution of labelled nuclei amongst cells of different size 
classes is very different to that found when batch grown cells are 
pulse labelled. There, the nuclei of cells with a cell plate are 
almost exclusively labelled (Fig. 6.1). 	Here, only nuclei from 
cells of intermediate cell length are labelled (Fig. 6.8). 	The 
position of the mid-point of S phase is estimated to be at 0.53 in 
the cell cycle (the details of this calculation are described in 
the legend of Fig. 6.8). 	This position is very close to the exe- 
cution point of cdc 10-129 under these conditions. 	Here too, the 
position of S phase is associated with a particular cell size; cells 
both smaller and larger than this size are unlabelled (Fig. 6.8). 
Unfortunately, the autoradiographs of chemostat cells are not 
sufficiently good for an estimation of the length of S phase from 
the proportion of the population that is labelled. 
The hypothesis that there is a critical size for the initiation 
of DNA replication and a constant S + G2 period makes precise 
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predictions concerning the size of cells at different growth rates. 
Nurse and Thuriaux (1977) considered the protein content of cells. 
This convention is maintained here. 
Let: S 	= 
In 
the mean protein content of cells in the culture. 
= the protein content of the cell at cell division 
S. 	the protein content of the cell at the initiation 
of DNA synthesis. 
C 	= the constant period between the initiation event and 
cell division. 
mgt = the mean generation time of the culture. 
d 	= the growth rate of the culture. 
Now the autoradiographs of cells pulse labelled with 3  H leucine 
(Fig. 6.7) showed that the rate of protein synthesis increases con-
tinuously during the cell cycle of cells grown in the chernostat. 
Therefore, we may assure that the protein content of cells increases 




From which it follows that : log (S /log 2) = 10S j + C. d. 
Therefore, the precise predictions of the hypothesis are: 
The log of the mean protein content of cells should be 
directly proportional to the growth rate d. 
If log (S /log 2) is plotted against d, then the intercept 
should be log S, and the slope should be C. 	That is, the 
intercept reveals the protein content at initiation and the 
slope reveals the constant period between the initiation 
event and cell division. 
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• Fig. 6.9 shows data on the protein content per cell of 972 h -
at different growth rates plotted accordingly. The slope of the 
line gives an estimate for the constant period C of 6 hours, and 
the intercept gives a value of 4.06 pg/cell. The latter, as ex-
pected, is close to the size of nitrogen starved stationary phase 
cells, which is 3.87 pg protein/cell (Table 6.2). The fit of the 
data to the theoretical predictions can be evaluated in either one 
of two different ways. 
First, the value of C derived from the slope of the line of 
Fig. 6.9 can be compared with the estimate of the constant period 
from the cdc 10 execution point to cell division (C 	). 	The -	 cdcl0 
mean value of C cdc 10 from 8 chemostat runs at different growth 
rates (Table 6.1) is 4.42 hours. 	As already mentioned, there is 
no significant variation in this period as the growth rate is varied. 
Therefore, the estimate of 6 hours for C from the slope of the pro-
tein content per cell curve of Fig. 6.9 is probably, despite the 
scatter in the data, significantly different from the value of 4.42 
hours calculated for g
jc 
	This difference implies that cell 
size, as determined by protein content per cell, is not perfectly 
correlated with the execution of the Gi event controlling entry into 
S phase. The control may be operated by some other factor than 
protein content per Se. The latter may be only correlated to a 
certain extent with the former. 	Alternatively, it is possible 
that the hypothetical Gl size control in fact executes (under the 
chemostat growth conditions) 1.6 hours prior to the cdc 10 exe- 
cution point. 	If this were true, then the latter would not be 
strictly correlated with a particular cell size. 
113. 
A second, though not independent, way of analysing the results 
is to calculate the protein content per cell at the cdc 10 execution 
point throughout the range of growth rates. This is done in Table 
6.2, where it is found that the predictions of the Gi size control 
hypothesis are partially fulfilled. 	Whereas the position of the 
cdc 10 execution point and the mean protein content of cells vary 
considerably at different growth rates, the protein content of cells 
at the time of the cdc 10 execution point remains fairly constant, 
(4.3 to 4.8 pg protein/cell). 	Moreover, this protein content is 
comparable to that predicted from the intercept of Fig. 6.9 (4.0 
pg/cell). 
Finally, it is of interest to compare the size at which cells 
initiate DNA synthesis in the chemostat with the critical cell size 
proposed by Nurse and Thuriaux (1977). The mean protein content 
of 972 h cells grown in batch minimal medium is 13.6 pg/cell, if 
estimated by the method used for the analysis of cell size in chemo- 
stat samples (see Appendix II). 	This is almost identical to esti- 
mates made by the method of Nurse and Thuriaux (1977). 	Therefore, 
the protein contents reported here can be directly compared to 
theirs. They estimated that the mid-point of S phase in spore 
outgrowth, in wee cells in batch culture, and in reinoculated nitro-
gen starved cells occured at 6 - 7 pg protein/cell. This compares 
to the range of 4.3 to 4.8 pg protein/cell for the size at which 
the cdc 10 event is executed in cells grown in the chemostat. Part 
of this discrepancy can be accounted for by the time difference 
between the cdc 10 execution point and the mid point of S phase. 
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Despite this, a significant difference still remains. 	However, it 
is perhaps not surprising that cells grown in the chemostat under 
NE  limitation have lower protein contents under comparable control 
situations (i.e. in the absence of the control acting over the 
initiation of mitosis). 	As already mentioned, the factor respons- 
ible for triggering the execution of the Gl control is unlikely to 
be the protein content of the cell per se. 	In which case, it is 
only fair to compare similar physiological situations. 
In conclusion, the data presented in this Chapter supports the 
notion proposed by Nurse and Thuriaux (1977) that the initiation of 
DNA synthesis in S. per±e is controlled by an event in Gi which may 
monitor cell size or some other cellular parameter correlated with 
cell size. 
Fig. 6.1 The distribution of cells with labelled 
nuclei with resect to cell length 
972 h cells growing at 32 °C in minimal medium were 
pulse labelled with 
3 
 H guanosine for 20 min and treated 
for DNA specific autoradiography as described in Appendix 
I and II. 	0 represents the % of cells in a size class 
that are labelled. 	During the scoring, cell plate cells 
were regarded as two independent daughter cells. The 
size distribution of the sample of cells scored is also 
presented so that the relation between cell length and 
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Fig. 6.2 A diagram of the cell cycle events that occur 
between the completion of mitosis and the end 
of S phase. 
The diagram is derived from the pattern of labelling 
found after autoradicgraphy of 972 h cells pulse labelled 
and treated for DNA specific in situ autoradiography (as 
described in Fig. 6.1 and Appendices I and II). 	The ab- 
solute position of mitosis (M) is not important. The 
time from mitosis to cell plate formation (a) is calculated 
from the proportion of binucleate cells without a cell 
plate. The length of S phase (b) is calculated from the 
total proportion of labelled cells (see Chapter 7). The 
length of the cell plate stage (c) is calculated from the 
proportion of cells with cell plates. The length of Gl 
Is calculated from (a) and the proportion of (c) that is 
unlabelled. The cell diagrams are meant to represent the 
theoretical pattern of cell labelling, given an infinitely 
short pulse label. Open circles - unlabelled nuclei. 
Filled circles - labelled nuclei. 
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Fig. 6.3 The relation between final O.D. and the 
concentraticn of ? 4Cl in minimal medium . 
The minimal medium used was as described in Appendix 
II, but containing no (NH 4 ) 2 so 4F  1 g/l Na 2SO4 , and 
varying quantities of NH4C1. The results are plotted 







Fig. 6.4 	The chernostat Design 
The design was originally conceived by J. May. The 
whole chernostat was sterilized by autoclaving. The flew 
rate was varied by altering the rate at which fresh medium 
was pumped into the culture vessel. The latter was 
stirred continuously with a rotating magnet, thereby 
creating a vortex. Sampling was undertaken either by 
simply collecting the effluent or by stopping the stirrer, 
which causes collapse of the vortex and the consequent 
exudation of about 20 ml of culture medium. 
o..J- fLer. 
.wt-.* 
Fig. 6.5 The pattern of cell division when cells of 
cdc 10-129 h, growing at 25°C in the 
chernostat at various dilution rates, are 
i rioculated into fresh minimal medium at 36 °C. 
The diagram is a composite of many different shift 
up experiments. Each cell number per ml at t = 0 has 
been aligned at the same point. The actual cell number 
per ml for each experiment was approximately as shown. 
A 0.0376 hr 1.A 0.0526 hr ' . 	• 	0.0792 hr 1 . 
0 0.1045 hr 1 . 	• 0.1314 hr 1 . 	0 	0.1528 hr 1 . 
The pattern of cell division of ccIc 10-129 h when 
shifted from 25°C to 36°C in batch minimal medium (0.1733 
-1 	 -. 
hr ). 
The short plateau in the cell number curve of the 
latter after 1 hour at 36 °C has been discussed by Nurse 





















Fig. 6.6 The pattern of protein synthesis of cdc 10- 
129 h cells when shifted frcm the chemostat 
(0.05 hr- 1 dilution rate) to fresh minimal 
medium at 36 °C. 
Protein was determined from a 5 ml sample of the 
culture collected on a filter. 	These cells were sus- 
pended in 1 ml of d.H 20, 0.1 ml of which was hydrolysed 
in alkali (see Appendix II) and assayed by the method of 
Lowry et al. (1951). 	At the beginning of the experiment, 
the mean protein content per cell was 5.18 pg. 	At the 
mid point of the transient cell number increase, the mean 
value was 15.7 pg/cell. 
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Fig. 6.7 The rate of protein synthesis and the oro-
portion of cells that have executed the cdc 
10 function amongst cells of different sizes 
in the chemostat. 
Cells of cdc 10-129 h were grown in the chemostat 
at 250C at a dilution rate of 0.0615 hr . 
	The experi- 
ment consisted of two parts. 	(1) A sample of chemcstat 
cells were removed and placed in a constant temperature 
growth chamber (minimal medium, 36°C) on a microsccpe 
slide as described by Fantes (1977). 	The resulting 
pattern of cell division of these cells was then analysed 
by time lapse photcmicroscopy (Fantes, 1977). 	Thus, it 
was possible to determine which cells in the sample had 
executed the cdc 10 function at the time of the shift by 
observing whether individual cells divided cnce or not at 
all at 36°C. 0 represents the proportion of a size 
class that had executed the cdc 10 function at the time 
of sampling (P exec).(2.)The same chemostat culture was 
pulse labelled for 1 hour with 4 iCi/ml 
3 
 H leucine (54 
Ci/mMole) while growing in steady state. 	The cells 
were then washed in cold 10% TCA and autoradiographed 
as described in Appendix II. 	represents the number of 
grains per cell and its standard error for each size 
class. The size distribution of the population is also 
presented so that the relation between cell length and 
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Fig. 6.8 The position of S phase in cells grc*ing in 
the chemostat. 
972 h cells were grown in the chemostat at 0.0744 
hr- 1 (250C). 	A 2 ml sanple was removed and incubated 
for 25 mins in 50 pCi/mi 6 - 	uracil. These cells 
were treated for DNA specific autoradiography as des-
cribed in Appendix I. The percentage of cells with 
labelled nuclei is plotted for each size class. 	The 
size distribution of the culture is also presented. 
The mid point of S phase (with respect to time) is cal-
culated as follows. The number of cells with labelled 
nuclei are cumulatively counted, starting with the 
smallest and proceeding through successively larger 
size classes. 	After correction for the age distribution 
(Cook and James, 1964), the proportion of the cell pop-
ulation (on the small size) within which are half the 
labelled cells, gives the cell cycle position of the 
mid point of S phase. 
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Fig. 6.9 A plot of ba S r;  (the protein content of - 
cells at division) acainst d (the relative 
growth rate). 
972 h cells were grown at 25°C at different dilution 
rates. The mean protein content per cell (S) was deter-
mined as described in Appendix II. It was assumed that 
S  = S/log 2. 	The line drawn was calculated from a 
linear regression of the data. The point for d = 0 re-
presents stationary phase cells which have been grn in 
medium of the same composition as that used in the chemo- 
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Table 6.1 The timing of the cdc 10 execution point at 
different growth rates. 
cdc 10-129 h was grown at 250C and its execution 
point was calculated from the proportion of cells that 
divide when the culture was shifted to 36 °C. 	In the 
case of batch cultures, culture flasks were simply 
shifted from a 25 °C water bath to a 36°C water bath. In 
the case of chemostat samples, the cells were innoculated 
into fresh minimal medium at 36°C. The position of 
mitosis was calculated from the number of binucleate 
cells in the population. 
S 
Table 6.1 
Mgt Medium 	Proportion of cdc 10-129 h cdc 10 execution time from execution position 
(Br) cells to divide on shift. point point to cell divi- of mitosis 
sion 	(Br) 
go Stationary phase 
cells grown in 0.00 + 1.0 - - 
chemostat medium 
18.43 chemostat 0.168 + 0.776 4.13 - 
13.80 I' 0.230 + 0.70 4.14. - 
13.18 0.271 + 0.654 4.56 - 
10.43 0.320 + 0.600 4.17 0.905 
8.75 0.401 + 0.513 4.26 - 
6.63 0.571 + 0.348 4.32 - 
5.28 0.850 + 0.106 4.72 - 
5.26 0.780 + 0.170 4.36 0.78 
4.54 1.060 - 0.045 4.74 - 
4.00 batch minimal medium 1.14 - 0.100 4.40 0.795 
3.07 batch complete medium 1.48 - 0.310 4.02 0.683 
Table 6.2 The protein content of cells at division (Sd) 
and at the cdc 10 execution point (S 	) cdc 10 
when grown at different dilution rates in the 
972 h cells were grown in the chernostat at 25 0C. 
1.5 ml samples of the chemostat culture were collected 
from the outlet and stored at -20 °C. The mean protein 
content per cell, (S) was measured as described in 
Appendix II. 	it was assumed that cells growing in the 
chernostat grow at an exponential rate through the cell 
cycle (see Fig. 6.7). 	Therefore, S  = S/log 2. S cdcl0 
was calculated by assuming (a) the value of S   predicted 
from the linear regression of Fig. 6.9 and (b) that the 
cdc 10 execution point was always 4.42 hours prior to 
division. 	(The data is presented in this way because 
actual estimates of the cdc 10 execution point were not 
always available for each particular growth rate for 
which there was data on the size of cells). 
Table 6.2 




0.00 3.87 4.06 1.00 4.06 
0.0366 5.20 5.07 0.7666 4.313 
0.0548 5.525 5.654 0.6505 4.438 
0.0628 5.77 5.934 0.5995 4.498 
0.0744 6.39 6.364 0.5256 4.581 
0.0898 7.214 6.983 0.4273 4.695 
0.0946 7.11 7.188 0.3967 4.733 
0.10365 7.56 7.591 0.3390 4.801 
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CHAPTER 7 
THE DURATION OF S PHASE IN S. PO?E 
There has been no expLicit study of the duration of S phase in 
S. pombe. 	It is known from the pattern of cell division on blocking 
DNA synthesis, either with hydroxyurea (Nurse, 1975) or with ts 
mutants, that no DNA synthesis is required after 0.05 in the cell 
cycle. Therefore, the duration of S phase is certainly restricted 
to the very earliest part of the cell cycle. The pattern of DNA 
synthesis in synchronous cultures is usually as synchronous as the 
pattern of cell nurrer increase (e.g. Mitchison and Creanor, 1971; 
Nurse, 1975). 	In such studies, cell number has been determined by 
Coulter counting, and pairs of daughter cells are either scored as 
one or as two cells depending on whether they are physically inde-
pendent. Therefore, the transition of such pairs from being scored 
as one cell to being scored as two cells is an instantaneous event; 
there is no intermediate stage. 	Because of this, the degree of 
asynchrony of the cell number curves of synchronous cultures must 
reflect the inherent asynchrony of the population and not the finite 
duration of the cell separation process. 	If the duration of the 
bulk of DNA synthesis occupies a significant fraction of the cell 
cycle, then it might be expected that the DNA content of a syn-
chronous culture would double at a slower rate than the cell number. 
That the two curves are always similar therefore suggests that S 
phase is extremely short. However, there may be a greater vari-
ation amongst cells of a synchronous culture in their time of 
separation than there is in their initiation of DNA synthesis, so 
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that, when the finite duration of the latter is taken into account, 
the degree of synchrony appears comparable. 	in which case, the 
above conclusion would be invalid. 	In fact, despite all the com- 
plications of interpreting the kinetics of pulse labelling, the 
data of Fig. 10.4, which compares the cell plate index to the rate 
of DNA incorporation during asynchronous culture, suggests that S 
phase is of longer duration than - the cell plate stage (which is 
approximately 15 mm). Thus, it is clear that the duration of MA 
synthesis cannot be reliably estimated from an analysis of synchronous 
cultures. 
An alternative method is to locate the duration of S phase bet-
ween two markers whose position in the cycle is already known. 	For 
instance, it is kncwn (see Chapter 6) that S phase ccrrences 0.06 of 
a cycle after mitosis (which is at 0.7 - 0.8 with respect to cell 
separation). 	It is also known that DNA ligation is not required 
after 0.05 of a cycle after cell separation (see Chapter 4). These 
two points thus put an upper limit on the duration of S phase of 
0.25 of a cell cycle (that is,. 38 rnins when cells are grown at 32 °C 
in minimal medium). 
The length of S phase can be more accurately estimated from a 
knowledge of the proportion of cells of a steady state asynchronous 
population, that are in the process of DNA synthesis. This pro-
portion, corrected for the relative cell cycle age distribution of 
S phase cells, will accurately represent the fraction of the cell 
cycle devoted to S phase. 	Individual cells in the process of DNA 
synthesis can be detected either from their DNA content (e.g. 
Crissman et al., 1975) or from autoradiography of in situ pulse 
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labelled DNA. There are no established techniques for achieving 
the former for S.pombe, so the latter method has been used here. 
If the pulse length' is very short in comparison to the length 
of S phase, then the duration of S phase, in terms of a fraction of 
the cell cycle, is directly given by the proportion, corrected for 
the age distribution, of cells whose nuclei are labelled. 	In this 
instance, the density of labelling of different S phase nuclei will 
be as uniform as the rate of DNA synthesis during S phase, assuming 
that all stages of S phase are labelled with equal specific activity 
of tracer. 	If the rate of DNA synthesis is fairly constant during 
S phase, then the scoring of labelled cells will be unambigucus. 
However, in the case of S. pombe, it has proved impossible to obtain 
satisfactory DNA autoradiographs from cells that have been pulse 
labelled for less than 15 mins (at 32 °C in minimal medium). 	This 
is partly because the absolute amount of radioactivity incorporated 
into the DNA of a single cell during pulses less than 15 min long 
is insufficient for reasonable exposure times. 	It is also partly 
due to the differential kinetics of RNA and DNA labelling. If the 
former is labelled more rapidly than the latter, then the relative 
background of residual RNA radioactivity left after the autoradlo-
graphic treatment will be high for very short pulses. 
Since the maximum length of S phase is about 35 mins, the 
length of pulse labels used in the autoradiographic analysis of S. 
pombe S phase are by no means short with respect to the duration of 
S phase. 	In this case, theoretically, the proportion of labelled 
cells, correcting for the age distribution, will be determined by 
the combined length of the pulse label and S phase (in terms of a 
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fraction of the cell cycle). 	In practice, this introduces two 
complications into the analysis. - The first is that the level of 
labelling amongst different cells will no longer be as uniform as 
the rate of DNA synthesis during S phase, for a significant proportion 
of labelled cells will only have been in S phase for a fraction of 
the pulse label. 	This means that some cells will be much less 
heavily labelled than others and may thus be missed in the scoring. 
The second is that, since the length of the pulse label becomes an 
important parameter in the estimation, the kinetics of the pulse 
label also becomes important. 	For instance, if virtually no label 
is incorporated into DNA in the first 5 mins of the pulse, then the 
effective length of a 20 min pulse will be only 15 rains. 
With these considerations in mind, the duration of S phase in 
S. pombe has been determined from the proportion of labelled nuclei 
after 15 and 20 min pulses. 	972 h cells were grown in steady state 
at 32°C in minimal medium, pulse labelled, and prepared for CA 
specific autoradicqraphy as described in Appendix I. 	In the ensuing 
analysis, the formation of the cell plate is regarded as the beginning 
of the cell cycle, and therefore the two daughter nuclei of cells 
containing a cell plate were regarded as two separate cells. 	In a 
15 min pulse label, 297/1030 (or 28.8%) of the cells had labelled 
nuclei. 	In two independent 20 min pulses, 268/728 (or 36.8%) and 
737/2413 (or 30.4%) of the cells had labelled nuclei. 
As is clear from the above considerations and those made in 
Chapter 6, these values will yield minimum estimates of the pro-
portion of cells that were in S phase, for however short a time, 
during the pulse. The calculation proceeds as follows. 
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Let 
S = the duration of S phase 
Mgt = the mean generation time of the culture 
x = the duration of the pulse label 
y = the proportion of labelled cells in an asynchronous 
culture after a pulse of duration x. 
z = the proportion of the cell cycle occupied by a 
combination of S phase and the pulse label. 
z 
Mgt. 
Since S phase starts at the very beginning of the cell cycle 
(as defined above), only cells from 0 to z in the cycle will be 
labelled. 	It is necessary to calculate z from the proportion of 
labelled cells y. 	 - 
Now z 
1 2 1-t .r  
= y 	(This is derived from the age distribution 
1. 2t.dt 	
















or 	S>(l - 	 )..Mgt -x. 
log e 2 
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from the 15 min pulse S ) 18.64 mins. 
from the 20 min pulse S >- 23.99 mins. 
S 3- 15.67 mins. 
However, it is known that virtually no label is incorporated for 
at least the first 5 mins of the pulse. 	Therefore, these estimates 
must be increased accordingly. 	Hence, the duration of S phase in S. 
pcmbe under these conditions is 24 ± 5 mins. 
If it be thought that this estimate is inconsistent with the 
rapid rate of DNA doubling during synchronous cultures, then it should 
be borne in mind that the above estimate is only of the total duration 
of S phase and is therefore not inconsistent with the bulk of the DNA 
being replicated within a much shorter time. 
A summary of evidence concerning the duration and position of 
S phase in S. pombe, as estimated by DNA autoradiography, is presented 
in Fig. 6.2. 
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A DISCUSSION CONCERNING THE CONTROL OF DNA REPLICATION IN S. POMBE 
AND OTHER ORGANISMS 
The broad outlines of the argument that cell proliferation in 
eukaryotic organisms is controlled by an event in Gl*is as follows 
(Prescott, 1976). (a). In homogenous populations of cultured mam-
malian cells, the majority of variability in cell cycle time is due 
to variability in the length of Gi. The lengths of S, G2 and N phases 
are relatively constant (e.g. Peterson et al., 1968). 	(b) When cells 
are grown at especially slow growth rates, the S + G2 + N period is 
not unduly extended. The majority of the increase in cell cycle 
duration can be accounted for by an increase in Gl length. For 
instance, when cells of the yeast S. cerevisiae are grc%.m in a chemo-
stat under glucose limitation, the proportion of unbudded cells 
(= Gl cells ?) increases as the grcwth rate decreases (Beck and Von 
Eeyeriburg, 1968). 	This principle also holds true for metazoan 
organisms where the generation time of reproducing cells may vary 
greatly amongst different tissues; most of this variation is entirely 
due to an extension of the Gl period of the cell cycle (e.g. Cameron 
and Greulich, 1963). 	(c) Stationary phase cells are usually arrested 
in Gl. 	This is not only true for many unicellular eukaryotes, e.g. 
* This argument only relates to the existence of a Gl control. It 
does not necessarily exclude controls acting at different stages of 
the cell cycle. 
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S. cerevisiae (Johnston et al., 1977) , but also true for most mam-
malian cell lines (e.g. Ley and Tobey, 1970). 	This phenomenon also 
applies to contact inhibited cultures (e.g. Yoshikura and Hirokawa, 
1968). 	Moreover, most non-proliferating differentiated tissues are 
arrested in Cl. 
One of the most explicit formulations of a GI model for the 
control of cell division in eukaryotes is the concept of "Start" 
proposed by Hartwell et al. (1974) to explain the control of cell 
division in the yeast S. cérevisiae. 	It is postulated that a single 
event, called Start, involving the cdc 28 gene product, integrates 
various cell cycle controls acting in Gi, such as the availability of 
nutrients or sex hormones. 	It possibly also monitors cell size 
(Johnston et al., 1977). 	Only if all these controls are satisfied 
does the cell "start" and thereby corrnit itself to a new mitotic 
cycle, irrespective of the intervening conditions. 	In the case of 
S. cerevisiae, the execution of "start" is explicitly proposed to ful-
fil 4 functions in the cell. 
It initiates and integrates two otherwise independent develop-
mental pathways in the cell cycle; DNA synthesis leading to 
nuclear division and bud emergence leading to nuclear migration. 
It restricts exit from the mitotic cycle to begin alternative 
developmental pathways to cells in the Gi phase prior to 
"start". The alternative developmental pathways in yeast 
are conjugation and meiosis leading to sporulation. 
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It completely commits a cell to completing the mitotic 
cycle, irrespective of the intervening nutrient conditions. 
Therefore, cells always accumulate in Cl in stationary 
phase. 
It may also be responsible for the coordination of cell 
division with growth by a recp.iirement that the cell attain 
a critical cell size before "start" can be executed. 
Many of the features of the "start" hypothesis are found in other 
eukaryotic organisms, e.g. the "restriction point" for the control of 
mammalian cell proliferation (Pardee, 1974). 	In S. per±e, cell di- 
vision proceeds by fission and therefore there is no equivalent of 
the bud emergence - nuclear migration pathway which diverges early in 
the cell cycle from the DNA synthesis-mitosis pathway. Therefore, 
it is impossible to. say whether any of the genes involved in the ini-
tiation of ENA synthesis in S. pombe (e.g. cdc 10, 20, 22) are homo-
logous to the "start" gene cdc 28 in S. cerevisiae. The alternative 
developmental pathways of conjugation and meiosis do also begin from 
the Gl phase in S. pombe (Egel and Egel-Mitani, 1974). 	However, it 
is quite probable that meiosis can only be initiated from GI zygotes, 
in which case, some control (which may have nothing to do with "start") 
must operate to prevent G2 cells conjugating with themselves or with 
Cl cells. 	Finally, the cells of S. pombe are not necessarily com- 
mitted to the completion of a mitotic cycle once initiated. 	For 
instance, cells starved of glucose are arrested in G2 (Bostock, 1970) 
and cells starved of sulphate are predominantly so (results not shown) 
Thus, S. pobe does not behave in accordance with the "start" hypothesis. 
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Implicit in the "start" hypothesis is the idea that progress 
through the mitotic cycle is exclusively controlled by an event in 
Gl. However, the isolatice and characterization of wee mutants 
(Nurse, 1975) has shown that cell division in S. pombe is usually* 
controlled by an event in G2 acting over the initiation of mitosis. 
Under these circumstances DNA replication follows rapidly after 
mitosis is complete, implying that it is simply dependent on the 
latter. 
However, there is evidence that a control in Gl or at the Gl/S 
boundary also exists. 	It is revealed only when cells are grown under 
conditions where the control acting over mitosis is absent. 	This 
may be achieved by genetic mutation (Nurse, 1975) or by certain 
nutrient starvation conditions (Nurse and Thuriau.x, 1977). 	A con- 
sequence of the former is that cells now have an appreciable GI (Nurse 
and Thuriawc, 1977). The Gl control is also revealed when cells are 
starved of either nitrogen or phosphate. 	Such cells are exclusively 
arrested in Gi (results not shown; Bostock, 1970). 	The study des- 
cribed in Chapter 6, concerning the timing of DNA replication when 
cells are grown under nitrogen limitation in the chemostat, fully 
substantiatthis. 	It is found that the length of S + G2 remains 
constant despite great variation in the growth rate of the culture, 
a corollary of which is that the increase in the generation time, as 
* 	That is, when wild type cells are grown on nitrogen sources 
that support a fast growth rate; e.g. the minimal or complete 
medium defined in Appendix II. 
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the dilution rate is reduced, can be completely accounted for by an 
increase in the length of Gi. This is of course a classic attribute 
of control of cell division by a Gi event. 	It is possible to con- 
clude that S. pombe, despite appearances to the contrary, also 
possesses a control in Gi which, under certain conditions, regulates 
entry into the mitotic cycle. 
The nature of C-i controls 
At fast growth rates, E. coli (Cooper and Helmstetter, 1968) and 
B. subtilis (Yoshikawa et al., 1964) are obliged to initiate new 
rounds of DNA replication before previous ones are complete, because 
the minimum time required to complete replicaticn of their chromosomes 
is longer than the generation time. Consequently, the number of re-
plication origins per cell increases with the growth rate. 	However, 
the mass of cells increases accordingly so that the ratio of cell mass 
to the number of origins remains constant despite variation in the 
growth rate. 	Donachie (1968) has pointed out that the initiation of 
DNA replication at different growth rates is correlated with the cell 
attaining integral values of cell mass. 	It has been proposed that a 
critical cell mass is required for the initiation of DNA replication 
in E. coli. 	However, it is unlikely that cell mass per se is the 
signal for initiation, and two types of mechanism by which a cell 
may titrate its mass have been proposed. 	In one, it is postulated 
that a replication complex is built up on the cell membrane at a 
rate proportional to the growth rate of the cell; replication and 
the growth of new complexes for future initiations are only ini- 
tiated when the complex is mature (Donachie et al., 1973). 	An 
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alternative model has been suggested by Pritchard et al. (1969), in 
which initiation of chromosome replication is accompanied by the 
synthesis of an inhibitor. A doubling in cell volume is then re-
quired for dilution of the inhibitor to a threshold below which re-
plication maybe initiated. These two models represent positive and 
negative controls. 	Although little evidence exists for the details 
of either model, there is some evidence that the initiation of 1A 
replication in E. ccli is under negative control (Cabello et al. 1976). 
The events immediately leading up to DNA replication in eukar-
yotes may also be dependent upon cells attaining a critical cell mass. 
Killander and Zetterburg (1965) showed that mouse fibroblasts have a 
smaller mass variation at the initiation of DNA synthesis than they 
do at mitosis or just subsecuent to division. 	It was found that the 
length of Gi was inversely related to the mass of a cell at its birth. 
A size control in Gi has also been proposed for yeast. 	In S. 
cerevisiae, when stationary phase cells arrested in Gi are reinoculated 
into fresh medium, none of the Gi events encoded by cdc 28, 4 or 7 are 
completed until cells have reached a certain cell size (Johnston et 
al., 1977). 	In S. pombe, the evidence is perhaps more convincing. 
First, similar results have been obtained in reinoculation experiments 
(Nurse and Thuriaux, 1977). 	Second, in batch cultures, an extended 
Gl is only observed in wee mutants (Nurse, 1975; Nurse and Thuriau.x, 
1977). Third, although both the mean cell size and the position of 
S phase vary considerably when cells are grown at different rates 
in the chemostat, the size at which cells initiate DNA replication 
remains relatively constant (Chapter 6). 
As in E. coli, it is unlikely that cell mass per se is critical 
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for initiation of DNA replication in eukaryotes. 	Frazier (1973) 
has showed by inicrosurgical experiments on Stentor that the ratio 
of cytplasm to nuclear size may be important. Kimball et al. (1971) 
have suggested that initiation is related to the rate of protein 
synthesis, which, under steady state conditions, may be proportional 
to cell size. 
The isolation of mutants is a promising approach to this problem. 
Nurse (1975) has isolated mutants of S. pon±e with an altered size 
control. 	However, to date, all his mutants are altered in the con- 
trol of mitosis and not in the initiation of DNA replicaticn (Nurse, 
personal communication). The isolation and characterization of 
mutants defective in DNA replication described in this thesis has so 
far identified at least two and possibly three genes whose products 
are necessary for the initiation of DNA replication in S. pombe.. It 
- 
	
	is not yet known whether any of the mutants in these genes are de- 
fective in an aspect of the Gi control. 
In S.cerevisiae, it has been shown that the function encoded by 
cdc 28 is only completed in conjunction with the event responsible 
for monitoring the presence of the mating hormone a factor (Hereford 
and Hartwell, 1974). 	The latter blocks cells in Gl, and Hartwell 
(1974) has therefore suggested that mutants in cdc 28 are defective 
in a major control governing entry into S phase and the rest of the 
mitotic cycle. 	 - 
The phenotype characteristic of many transformed cell lines 
of mammalian cells may be due to a genetic defect in their Gl con-
trol (Prescott, 1976). 	Mutants defective in Gi events have also 
been explicitly isolated in several cell lines, (e.g. Naha et al., 
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1975). However, it is not known whether any are defective in a 
control event in a manner analogous to cdc 28 in S. cerevisiae. 
The cold sensitive fibroblast mutant isolated by Farber and Unrau 
(1974), and characterized by Crane and Thomas (1976) is of particular 
interest, as it arrests in a quiescent state at the restrictive 




The introduction of this thesis starts with a historical 
appraisal of work concerning the mechanism of replication of the 
genetic material. 	The present state of knowledge concerning the. 
mechanism of DNA replication in Escherichia coli is described, which 
is followed by a comparative description of that in eukaryotic 
organisms. The more productive methods of experimental analysis 
are described, from which it is concluded that the isolation of 
mutants and their analysis using in vitro systems represents the most 
powerful approach. The problems encountered while attempting, for 
eukaryotic organisms, the sort of genetic analysis that has proved 
successful for E. coil are discussed, and it is argued that the 
genetics and mode of reproduction of yeast are eminently suited for 
a genetic dissection of its mechanism of DNA replication. 
The first part of the thesis concerns the genetic analysis of 
DNA replication in Schizosaccharomyces pombe. Chapter 2 describes 
the isolation of presumptive DNA replication mutants. 	Previous 
methods of mutant isolation are discussed and it is decided to iso-
late temperature sensitive mutants of S. pombe which are defective 
in the S phase of the cell cycle. 	Such mutants have a characteristic 
ts cdc phenotype; ts clones were detected by replica plating and 
then examined, first on plates under the microscope and second in - 
liquid culture, for the appropriate pattern of cell division on 
shift to the restrictive temperature. 	30 ts cdc mutants which 
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have execution points prior to or at S phase in the cell cycle were 
isolated. The mutations are all recessive and were allocated to 9 
unlinked nuclear genes (cdc 10, 17, 18, 19, 20, 21, 22, 23, 24). 
Chapter 3 describes the physiological characterization of these 
mutants. This involved experiments which tested whether (a) their 
DNA synthesis can be completed at the restrictive temperature, and 
(b) their ts functions can be completed at the permissive temperature 
in the presence of hydroxyurea, an inhibitor of DNA synthesis. The 
analysis revealed 4 different types of phenotype according to the 
combination of answers to the above cuestions. 
Group I consists of mutants in cdc 10, 20 and possibly 22. 
These mutants show a direct, though not necessarily immediate, in-
hibition of DNA synthesis on shift to the restrictive temperature. 
Their ts functions are completed in the presence of hydroxyurea at 
the permissive temperature. Their phenotype implies that DNA chain 
elongation is "dependent" on their ts functions (but not vica versa) 
and therefore they are classified as being defective only in the ini-
tiation of S phase. 
Group II consists of mutants in cdc 23 and possibly 21. These 
mutants show some form of direct and almost immediate inhibition of 
DNA synthesis on shift to the restrictive temperature. The com-
pletion of the functions for which they are temperature sensitive is 
dependent, or only partially so in the case of cdc 21, on the com- 
pletion of the step inhibited by hydroxyurea. Their phenotype implies 
that DNA chain elongation and their ts functions are "inter-dependent", 
and therefore they are classified as being defective in the actual 
process of DNA synthesis. 
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Group III consists of mutants in cdc 18 and 19. Mutants in 
this group show no detectable defect in bulk DNA synthesis on shift 
to the restrictive temperature. 	Moreover, the ts functions in these 
mutants are completed (at the permissive temperature) either prior to 
or independently of, the step inhibited by hydroxyurea. Thus, these 
gene products appear to function "independently" of DNA synthesis. 
Group IV consists of mutants in cdc 17 and 24. These mutants 
also show no primary defect in bulk DNA synthesis. However, their 
ts functions are not completed at the permissive temperature when DNA 
synthesis is inhibited by hydroxyurea. 
Chapter 4 describes the further analysis of mutants in cdc 17 
and 24. 
cdc 17-K42 possesses four major temperature sensitive phenotypes. 
A lethality caused by a defect in the S phase of the cell cycle, an 
abnormally high sensitivity to UV irradiation, a defect in the joining 
of nascent DNA strands, and an abnormally low level of DNA ligase 
activity. The temperature sensitive cell cycle defect has segregated 
2 2 in at least 50 tetrads and, in the case of the strain on which 
experiments have been performed, the other phenotypes have co-segregated 
with it during 3 backcrosses to wild type. The co-segregation and 
similar thermo-sensitivity suggest that a single nuclear mutation is 
responsible for all the phenotypes. The results of the DNA ligase 
assays imply that this mutation is located in the structural gene for 
DNA ligase. The hypothesis that the pleiotropic phenotype of cdc 
17-K42 is caused by a single mutation is confirmed by the behaviour 
of different mutant alleles of cdc 17. 	cdc 17-M75 was isolated 
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independently of cdc 17-K42 and it maps about 300 fine structure 
genetic map units from it. 	It too has a ts cdc lethality, a defect 
in the joining of nascent DNA, and a low level of DNA ligase activity. 
cdc 17-K42 has less than 20% of wild type DNA ligase activity 
when assayed at 250C and none detectable at 35 0C, which suggests that, 
like E. coli, S. pombe has a single enzyme that is essential for 
ligation during DNA replication and possibly also during DNA repair. 
Mutants in cdc 24 may also be defective in the joining of nascent 
DNA at a much higher molecular weight level. 
The present hypotheses concerning the functions of the 9 gene 
products identified by the genetic analysis are sunmarized in Fig. 9.1. 
This diagram represents the causal sequence of events leading up to 
the initiation of S phase, DNA chain elongation, the formation of high 
molecular weight nascent DNA strands, and finally the initiation of 
mitosis. The cdc 18 gene product may operate on an independent path-
way leading to the formation of high molecular weight nascent WA 
(its function appears to be completed prior to S phase at the permis-
sive temperature, it is not necessary for bulk DNA synthesis, but 
preliminary results suggest that it is necessary for the formation 
of high molecular weight nascent DNA). 
The second part of this thesis concerns the natural history of 
S phase, in S. pombe, that is, its timing and duration. 	Chapter 6 
starts with a description of the control of cell division in S.pombe. 
The evidence suggesting that there is a control acting over the 
initiation of.DNA synthesis is discussed and evaluated. The timing 
of S phase is investigated under 2 different conditions: during 
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batch culture growth in minimal medium and during nitrogen limitation 
in the chemostat. 	S phase follows within 0.06 to 0.07 of a cell 
cycle after mitosis when wild type cells are grown in minimal medium, 
which is consistent with the hypothesis of Nurse and Thuriaux (1977) 
that this Gi represents the mifiimum time necessary for recovery from 
the previous mitosis. When cells are grown at decreasing growth"  
rates in the chemostat, only the Gl phase of the cell cycle is ex-
tended as the generation time is increased. The hypothesis that the 
cell must attain a critical size before S phase can be initiated and 
that thereafter there is a ccnstant S + G2 period makes certain pre- 
dictions about the size of cells at different growth rates. 	Experi- 
mental results are broadly consistent with these predictions. 
Chapter 7 describes an estimation of the length of S phase in S. 
pombe from an analysis of autoradiographs of pulse labelled cells. 
This analysis suggests that S phase lasts 20 to 25 inins when cells are 
grown at 32°C in minimal medium. 
Several techniques necessary for the study of DNA replication in 
S. pombe were specially develcped during this work. 	These were: 
an in vitro assay for radioactively labelled DNA, 
a treatment of cells whose total nucleic acids are labelled 
such that only DNA radioactivity is detected during autcradio-
graphy of cells, and 
a simple method of detecting single strand nicks in high 
molecular weight DNA by lysing intact labelled cells directly 
on top of alkaline sucrose gradients. 
Fig 9.1 
Formation Mitosis.-  2. 10,20,22, 
Initiation 	 Bull,  
cdc 21,23. 	 £. 17,24, 
of DNA 	 > DNA chain 	 of high 




?'JTERIALS AND METHODS USED IN EXPEIMETrS 
CHAPTER 10 
APPENDIX I: TECHNIQUES DEVELOPED FOR THE ANALYSIS OF DNA REPLICATION 
IN S. POBE 
In this Appendix I deal with the peculiar technical problems 
associated with the study of DNA replication in yeast. These are 
principally, the inability to label DNA specifically in vivo and the 
difficulty encountered when breaking open the yeast cell for a bio-
chemical analysis of its constituents. Three techniques have been 
specially developed for S. pombe: 
an in vitro assay for radioactively labelled DNA, 
a treatment of cells whose total nucleic acids are labelled 
such that only DNA radioactivity is detected during auto radio-
graphy of cells, and 
a simple method of detecting single strand nicks in high mole-
cular weight DNA by lysing intact labelled cells directly on 
top of alkaline sucrose gradients. 
(a) 	Labelling of DNA with uracil isctopes and its measurement. 
In most organisms it is possible to label DNA specifically with 
radioactive precursors such as 3H or 14 C thyrnidine. 	Thyrnidine, un- 
like phosphorylated DNA precursors, is rapidly taken up by cells and 
is converted to T?.P by thymidine kinase. Unfortunately, fungi do 
not'possess thymidine kinase activity (Grivell and Jackson, 1968) nor 
any other deoxyribonucleoside kinase. Consequently, it is impossible 
to label DNA without also labelling RNA to an equal or greater extent. 
This problem of non-specific labelling is exacerbated in yeast by a 
very low DNA/RNA ratio (in S. pombe it is about 1:100). 
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There are two approaches to this problem. The first is the 
isolation of mutants that will take up TMP. This has been achieved 
in Saccharomyces cerevisiae (Wickner, 1974), but nobody has 'isolated 
such mutants in S. pombe. The second approach is to label both RNA 
as 
and DNA with a nucleic acid precursor, such/uracil or adenine, and 
to eliminate radioactivity due to the former before counting, hope-
fully, the latter. 	There are several published methods for such a 
DNA assay in S. cerevisiae, but they are either unsatisfactory for 
S. perbe (e.g. the method described by Hartwell (1970)) or too 
laborious for the purposes for which they are needed in this work 
(e.g. the method described by Hatzfield (1973)). 
The DNA assay that I have developed combines the principle of 
RNA/DNA separation by selective alkaline hydrolysis of the former 
(Schmidt and Thanrihauser, 1945) with the principle of protein/nucleic 
acid separation by the selective acid hydrolysis of the latter 
(Schneider, 1945). 
Uracil isotopes are used because: 
the uptake and incorporation into DNA is adecuate, 
all RNA incorporation is alkali digestible (see later), and 
the availability of uracil isotopes which are stable in alkali. 
The outline and details of the assay are described in Fig. 10.1. 
The experiment described in Fig. 10.2 shows that at least 90% of 
the counted cpm in this assay are lost when the washed, alkali re-
sistant, acid precipitated pellet (prior to acid hydrolysis) is di-
gested with DNase. 	More directly, it can be shown, by chromatography 
of HC1 digests of the final PCA hydrolysate that nearly all the 
radioactivity resides as cytosine and thymine (as would be expected 
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if all radioactivity is from DNA) and that virtually none is de-
tectable as uracil (as would be expected if there were no vestiges 
of RNA radioactivity). See Fig. 10.3. 
Fig. 10.4 shows that the pattern of 
3 
 uracil incorporation into 
DNA, as measured by the assay, during a syncrhonous culture is con-
sistent with previous estimates of the timing of S phase in S. pcmbe 
(Mitchison and Creanor, 1971). 	The level of incorporation by G2 
cells is very low, and may possibly be accounted for by mitochondrial 
DNA replication. 
Uracil is not rapidly incorporated into DNA during a pulse and 
it is difficult to chase (see Fig. 10.5). 	The latter is possibly 
because at least 99% of the incorporation is in the form of PA, scu'e 
of which will be rapidly turned over. 	After long term labelling the 
proportion of the total incorporation as DNA reaches about 1%. - 
(b) 	The visualization of S phase by DNA autoradicraphy 
The direct visualization of isotope incorporated into DNA by 
autoradiography of labelled cells encounters the same problems that 
were discussed in the previous section, that is, there is no way of 
labelling DNA specifically in vivo in wild type strains of yeast. 
Somehow the vast background of label which is incorporated into RNA 
must be removed in vitro before DNA labelling can be exclusively 
visualized. 	Williamson (1965) has developed a method for S. 
cerevisiae which involves the selective removal of RNA incorporation 
by Ribonuclease treatment of cells followed by alkali treatment. 
The method preeented here for S. pombe is an adaption of 
Williamson's method. The principle differences are two-fold. 
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adenine is replaced by 8- 3H guanosine or, sometimes, 6- 3H 
uracil. A significant proportion of non-DNA adenine incorporation 
is resistant to alkaline hydrolysis (Fraser, personal communication) 
the strong alkali treatment during the final stage of Williamson's - 
method is replaced by a much milder treatment. The 1 M NaOH used 
by Williamson (1965) completely lyses cells of S. pombe (see next 
Section). 
The major criteria used in evaluating the success of the method 
were that the label be localisedover the nuclei and only over those 
cells of the population that were expected to be in S phase. 
Mitchison and Creancr (1971) determined the position of S phase in 
S. pcmbe at around cell division by measuring the DNA content of syn-
chronous cultures. A cell's position in the cell cycle is easily 
derived in S. pombe from its length (Mitchison, 1970); the cells are 
rod-shaped and extend only in length as they grow. There is a brief 
constant length stage while the cell is laying down and completing 
its cell plate. 	So it is expected that, principally, nuclei of cells 
with cell plates will be labelled during a short pulse label. 
The details of the DNA autoradiography method are given in Fig. 
10.6. 	Cells and their nuclei remain fully intact after the treat- 
ment, if grown in minimal medium as a batch culture. However, the 
nuclei of cells grown under nitrogen limitation in the chemostat 
are partially destroyed by the terminal alkali step. Therefore, the 
latter is omitted when such cells are prepared for autoradiography 
(as a result, the non-specific background is slightly higher in such 
autoradiographs. 	See Fig. 10.9). 
Only cells with cell plates, cells about to undergo physical 
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separation, and scrne small cells are densely labelled after a 20 
min pulse label at 32°C. 	Moreover, the label in such cells is al- 
most always localized overthe nucleus (Fig. 10.7). The distribution 
of radioactivity amongst cells at different stages of the cycle was 
first analysed by grain counting. 	Fig. 10.8 shows the distribu'ion 
of grain counts after a low exposure time amongst cells of different 
ages (as judged by cell length) and morphological state (whether 
they contained a cell plate or not). However, grain counting is 
difficult to perform satisfactorily when the grains are so localised. 
Therefore, a quantitative measure of the cell cycle specificity of 
labelling was also obtained by pulse labelling successive samples 
from a synchronous culture, treating the cells from each sample as 
described in Fig. 10.6, and counting the residual cellular radio-
activity on filters in a scintillation spectrometer, instead of 
fixing the cells on slides and autoradiographing them (Fig. 10.9). 
Data from this experiment may be used to estimate the proportion of 
residual radioactivity left after the treatment that is in nuclear 
DNA. This is done by measuring the proportion of the cpm which are 
exclusively under the, presumably, S phase peak in Fig. 10.9. 	The 
value is 79%. 	Therefore, the residual radioactivity, over a com- 
plete cell cycle, accounts for only 21%. This residual will partly 
comprise mitochondrial. DNA synthesis (probably 5%, according to 
Bostock (1969)) and some nuclear DNA synthesis due to lack of syn-
chrony. Consequently, the amount of non DNA radioactivity left 
after the autoradiograph treatment may be less than 16%. The pro-
portion of radioactivity left after the treatment that is DNase 
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digestible has not been determined. This enzyme, unlike RNase, 
either does not enter PCA treated cells or does not digest their 
DNA (see Table 10.1). 	However, it is possible to determine what 
proportion of the residual radioactivity is released after a 90 °C 
TCA hydrolysis. This treatment will probably only release radio- 
activity of nucleic acid origin. 	It is found that only 10% of the 
radioactivity is resistant to a 15 min 10% TCA treatment at 90°C. 
This may mean that 90% of the cpm left after the autoradiography 
treatment is in the form of DNA. 	Alternatively, it is possible that 
some RNA radioactivity still remains, and it also will be susceptible 
to the acid hydrolysis. 
Fig. 10.9 also demonstrates that, while the RNase removes most 
of the non-DNA radioactivity, the terminal alkali treatment does serve 
to reduce further the non-DNA background. The radioactivity left 
after the complete treatment is 0.221% of the uptake of the pulse per 
unit volume (averaged over a complete cell cycle). 
The experiment described in Fig. 10.10 shows that if cells are 
prevented from entering S phase, then those nuclei which would nor-
mally be labelled are no longer so. 	In this experiment 972 h and 
cdc 10-129 h cells (the latter is a ts mutant defective in the ini-
tiation of DNA synthesis) were shifted to the restrictive temperature 
and pulse labelled 150 mins after the shift, at which time both wild 
type and mutant cell populations still have a similar proportion of 
cells with cell plates, which are normally associated with the 
labelled nuclei. 	In this instance, such cell plate cell nuclei 
from cdc 10-129 h cells will not be undergoing DNA synthesis and, 
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as expected, they are not labelled. None of the cdc 10-129 h cell 
plate cells had labelled nuclei, whereas 87% of the 972 h cell plate 
cells did. 
The method described in Fig. 10.6 can be varied for cells 
growing in different physiological conditions. 6- 3H uracil can also 
be used as a label, though the background is slightly higher. 	For 
cells growing in batch minimal medium, the specificity of 3H guanosine 
labelling is superior. 	However, the latter is not satisfactory for 
cells grown under nitrogen limitation in the chemostat and 3H uracil 
is superior under these conditions. 
The standard method of analysis of autoradicgraDhed cells in-
volves an exposure until the radioactive nuclei are densely labelled. 
Cells in S phase can then be scored unambiguously without grain 
counting. 
(c) 	The estimation of single strand DNA molecular weight by lysis 
of cells on top of alkaline sucrose gradients 
Long DNA molecules are prone to physical shear. However, very 
high molecular weight DNA can be released intact from cells if they 
are lysed directly on top of sucrose gradients and centrifuged with-
out any further handling. The sedimentation velocity of such DNA 
can be measured, but it is usually impossible to handle further with-
out breaking it. 	McGrath and Williams (1966) were the first to 
develop such a technique for the analysis of single strand nicks in 
high molecular weight DNA. Their method involved the layering of 
bacterial cells directly onto a lysing layer of alkali and detergent 
which is on top of an alkaline sucrose gradient. This method has 
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been extensively adapted for many types of cell (e.g. Parodi et al., 
1975) and it has been used for yeast spheroplasts (e.g. Cryer et al., 
1973). The disadvantages of having to prepare spheroplasts are two-
fold. 	First, it takes time, which maybe critical for detecting 
certain phenomena. Second, there is a risk that the DNA will b 
nicked by the enzyme preparation that is necessary for spheroplast 
formation. 
The method presented here for the analysis of single strand nicks 
in S. pore DNA is a direct adaption of the McGrath and Williams 
technique. 	Intact cells of S. pcmbe are lysed directly on top of 
alkaline sucrose gradients. 	The only difference is that slightly 
stronger alkali soluticns are required for lysis of cells. 	Table 
10.2 shows that nearly all the DNA of S. poirte cells is released by 
lysis in 0.5 M NaOH, 10 mM EDTA. The composition of gradients used 
for lysis and the centrifugation conditions used for detecting high 
molecular weight S. porzbe DNA are given in Fig. 10.11. 	Fig. 10.12 
shows a sample sedimentation profile of long term labelled S. pombe 
DNA released by lysis in such gradients. Extrapolation from an 
internal T4 DNA marker using Studier's (1965) relation gives a mole- 
cular weight for the main peak of yeast DNA 	
p 
of 3.6 x 10 Daltons. 
This is comparable to that obtained from bacteria. 	S. nor-be has a 
IC DNA content of 16 fg/cell (95% of which is nuclear) and genetic 
evidence suggests that there are only three chromosomes (Gutz et 
al., 1974). 	Therefore, the length of high M.W. DNA obtained by 
this method is about 1/9 times the average length of a chromosome. 
It is likely that this smaller size represents in vitro breakage or 
nicking due to label rather than the maximum length of in vivo 
single strand DNA. 
The fast seditnenting DNA is unlikely to be an aggregate as the 
cells are lysed at very high pH and in the presence of sarcosine; 
the DNA is centrifuged in high salt alkaline gradients. As has 
been described in chapter 4, in situations where the size of DNA 




The measurement of DNA radioactivity. 
Cells are labelled 
with 6-H uracil ( Ariersham20 Ci/mmol ) 
or 2-C uracil ( Amersham 58 mCi/mmoi ). 
Cells are always labelled when growing in minimal medium. 
Details of labelling : For pulse labels, see legend of fig 10.4. 
For long term labelling, sec legend of fig 10.12. 
Labelled sample: 
either cells directly from a culture or fractions from a sucrose gradient. 
Alkaline hydrolysis: 
make sample 0.5 M NaOH 0.01 M EDTA 100 g/ml calf thymus DNA. 
( total volume 1.0 ml ). 
incubate 90 mins at 40 °C. 
Acid. nrecipitation: 
Chill sample. Keep at 0°C. 
Acidify by the addition of 0.12 ml of 60% PCA. 
Leave 60 mins at 0 °C. 
Centrifuge at 14,000 g for 2.5 mins. 
Supernatant discarded. 
Pellet: 
Wash I X in 0.5 i'1 PCA containing 100g/ml uracil. 
" 	2 X in 70% ETOH containing 0.1 M NaCl. 
( both at 0°C ). 
Pellet dried under vacuum. 
Acid hydrolysis: 
Suspend pellet in 0.5 M PCA ( volume 0.5 ml ). 
Incubate ( mixing ) for 30 min at 700C. 
Cool, centrifuge 14,000 g for 2 min.  
Supernatant ( PCA hydrolysate ): 
0.4 ml of supernatant- ( hydrolysed DNA cpm ) 
counted in 8 ml of methoxyethanol/toluene scintillant. 
Fig 10.2 
The DNase susceptibility of cpm measured. in the DNA assay. 
3 ml of cells, growing in minimal medium at 32°C, were labelled 
with 100 1ACi 6-H uracil ( 20 Ci/mmol ) for 3O in. At the end 
of the labelling period, the cells were transferred to 000  and 
9 replicate samples ( of 0.3 ml ) were taken through the DNA 
assay as far as the washed peF et stage prior to the acid hydrolysis. 
These pellets were then treated in three different ways, as 
described below, in order to determine the proportion of cpm 
( that would have been released by subsequent acid hydrolysis ) 
that were DNase digestible. 
9 replicate pellets from the DNA assay 




0.775 ml OS  i1 PCA. Heat at 70 C for 30 mm. 
Centrifuge. 






0.5 ml MES buffer 
0.1 ml DNas8 	500 pig/mi 
Incubate 37 C 90 mm. 
Then add. 
0.1 ml 0.5 N NaOH 
• 0.01 Ii EDTA 
0.025 ml DNA soin 
2mg/ml 
Then put to 0°C. 
Add 
0.05 ml 60% PCA 
Leave 60 min for Ppte 
Centrifuge. 
cpm in 0.3 ml supn 





0.6 ml MES. 
37
0C 90 nun. 
Then 
treated as (b). 




Wash 2 X in 
70% ETCH 0.1 N NaCl. 
Dry under vacuum. 
Hydrolyse in 
0.775 ml0.5 i PCA 
at 70 °C for 30 mm. 




treated. as (b) 
cpm in 0.3 ml supn 
790,860,1006. - 
meau=85. 
Fig. 10.3 Chromatography of FIC1 digests of the PCA 
hydrosyi.ate of the DNA assay. 
5m1 of 972h cells growing at 32 °C in min-
imal medium (O.D. = 0.5) were incubated with 
501i.Ci of 5, 6 - 3H uracil for 2.5 hours. 
The cells were then harvested, washed in 
0.1% NaCl containing 100g/ml uracil, and 
then taken through the DNA assay treatment 
(as described in Fig. 10.1). 0.05m1 of 
the final PCA hydrolysate (total volume 
O.lml) was made ÔM Hcl and digested at 
120°C for 2 hours in sealed glass tubes, 
after which the samples were cooled, the 
tubes broken, and freeze dried. The 
residue was dissolved in 0.02 ml d11 20, 
loaded onto a thin layer PEI cellulose 
chromatography plate (Polygram cel 300 PEI), 
and run in a solvent of 86/14 butanol/water 
for 4.5 hours. The chromotgraphed strip was 
cut into 0.5cm strips, which were placed in 
scintillation vials, eluted with 0.5m1 of 0.1M 
HCL, 0.2M KCL, and counted in 5m1 of a 
scintili.ant containing 2/1 toluene/triton 
x 100 0.5% butyl PBD. The cytosine and thymine 
spots were localized by visualization of the 	- 	- - 
digested carried DNA in UV light. 
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Fig. 10.4 ô 	uracil incorporation into DNA during 
a synchronous culture. 
A synchronous culture of 972h cells was 
prepared as described in Appendix 11. The 
culture was incubated at 32 °C in minimal 
medium (0D0.15 at t0). Every 10 mins, 
0.3m1 of cells were incubated for 20 mm 
with 1014i of 6- 3H uracil (20 Ci/mmol). 
Each pulse was terminated by making the 
sample 0.5M NaoH 0.01 M EDTA 100,.g/6̀ 1 
calf thymus DNA. All the samples were 
assayed for DNA radioactivity incorporation 
as described in Fig. 10.1. The time of the 
pulse is taken to be 14 mins after its 
initiation. This is the t for incorpor-
ation during a 20 min pulse (see Fig. 
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Fij 10.5 Kinetics of 6- 3H uracil incorporation into 
DNA. 
972h cells were grown at 32 °C in minima]. 
medium. At the indicated time 200tCi of 
6- 3H-uracil (20 Ci/mrtiol) was added to 6.6 
ml of cells at O.D. = 0.2 • DNA radioactivity 
in 0.3ml samples. At t20 mins, the culture 
was split and to one half uracil was added 
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The Eeparation of cells for DNA specific auto radio graphy. 
Cells are grown in minimal medium 
and labelled in 50,Ci/ml 8- 3H guanosine ( 10 Ci/mmol ) 
for 20 mins ( if at 32 °C or 36°C ). 
Pulse termination. 
Cells are put to 0°C and an equal volume of 0.5 N PCA is added. 
Leave at 0°C for 5 mm. Centrifuge cells and resuspend them in 0.5 N PCA. 
Leave at 0°C for 15 to 30 mm. Centrifuge and wash 2 X in d.1120. 
Ribonuclease digestion. 
Suspend in 2 X SSC buffer containing 200 1.&g/ml boiled SNase A ( Sigma ). 
Incubate at 37°C for 70 mm ( mixing ). 
Centrifuge cells and. wash 2 X with d.H 20 containing 100 1..tg/ml guanosine. 
( the RNase digestion removes at least 99.3% of the acid insoluble cpu ). 
Fixation. 
Suspend cells in 0.4% formaldehyde in 0.1 N phosphate buffer pH 7.0 
Incubate 30 min at room temp. 
Centrifuge and wash with d.H20. 	 - 
Alkali digestion. 
Suspend in 0.2 N NaOH, incubate at 25°C for 100 min. 
Centrifuge rtnd wash thoroughly with d.H 20. 
Cells are now ready for fixation to slides and autoradiography. 
Fig. 10.7 DNA snecific autoradiogranhs of pulse 
labelled S. nombe. 
972h cells growing in minimal medium at 
32°C were pulse labelled for 20 min with 
50Ci/rU 8- 3H guanosine. The cells were 
then taken through the DNA autoradiograph 
treatment was described in Fig. 10.6 01  
fixed onto slides, and autoradiographed as 
described in Appendix II. Theywere 
exposed for 3-4 weeks. The photographs on 
the left are focused on the cells, whereas 
those on the right are focused on the grains 
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Fig. 10.8 The distribution of DNA specific grain 
counts during the cell cycle. 
972h cells were labelled and treated for 
DNA specific in situ autoradiography as 
described in Figs. 10.6 and 10.7. The 
autoradiographs were exposed for only 
5 days (usually a month is required for 	 - 
dense labelling of nuclei). The mean 
and standard error of the number of grains 
per cell are plotted against cell length. 
The size distribution of the population is 
also presented. The date.. on the grains 
per cell in cells containing a cell plate is 
presented seperately. The size distribution 
of such cells is given by the 'dotted line' 
histograms. The grains per cell for this 
distribution is plotted on the same scale 
as the rest of the cells; the points are all 
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Fig. 10.9 The rate of incorporation of 8 3H-guanosine 
into DNA as measured by the autoradiograph 
method of Fig. lo.6 during a synchronous 
culture. 
A synchronous culture of 972h cells was 
prepared as described in Appendix II. The 
cells were incubated at 32 °C in minimal 
medium. At 10 min intervals, a 3ml sample 
of cells was incubated with l0,.Ci 8 3H-
guanosine (10 Ci/minol) for 20 mm. The 
sample was then chilled, a 0.lml aliquot 
was taken for uptake measurement, an equal 
volume of ice cold 0.5M PCA was added, and 
the sample was left at 0°C until all the 
samples were ready for processing. The 
samples were then taken through the DNA 
specific autoradiograph treatment as 
described in Fig. 10.6 as far as the 
fixation step. A sample of the cells were 
collected on a GfA filter (washing with 
dH20 containing 1001ig/ml guanosine). The 
dried filters were counted in a tolulene 
butyl PBD scintillent (see Appendix II). 
These samples gave the RNase resistent 
radioactivity. The rest of the cells were 
treated with alkali as described in Fig. 
10.6 before being similarly collected and 
counted. These samples gave, the residual 
radioactivity after the full autoradiograph 
treatment. Both sets of results are plotted 
as a percentage of the uptake per unit volume. 
They are plotted on an arbitary linear scale 
whose unit relation to real values is given 
within the brackets of the symbol key. 0 
uptake during the pulse/0.lml (5 x 10 
3
cpm). 
o RNase resistant cpm as a % of uptake per 
unit volume (0.1%). • residual cpm left 
after full autoradiograph treatment as a % 
of uptake per unit volume (0.1%). A cell 
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Fig. 10.10 A comoarison between 972h and cdc 10-129h -
in their pattern of nuclear labellirn 
on shift to 36 °C. 
972h and cdc 10-129h were grown at 
25°C in minimal mediun until an O.D. 
of 0.3. Both cultures were then shifted 
to 36°C and pulse labelled for 20 rains 
with 65Ci/ml 8- 3H guanosine (10 Ci/rnrnol) 
after 150 rains at 36 °C. Both sets of 
cells were then treated as described 
in Fig. 10.6. Autoradiographs were 
made as described in Appendix II. 
Exposure was for one month. (a) 
972h cells (b) cdc 10-129h cells. 
The photographs on the left are focused 
on the cells, whereas those on the 
right are focused on the grains in the 
emulsion over the cells. 
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Fig 10011 The detection of high molecular weight DNA from S0pombe. 
0.4 ml lysing layer containing 0.6 M NaOH 
0.5% s.d.sarcosine 
0.01 M EDTA 
14 ml alkaline sucrose gradient 
5-20% sucrose In 0.1 M NaOH 
0.01 M EDTA 
0.9 M NaC1 
Labelled cells are harvested by centrifugation and suspended In 0.9 
NaCl at 0°C. 0005 ml of this suspension is layered onto the lysing solution 
at the top of the gradient. A period of 20 mins is allowed for lysis ( which 
is in fact immediate ) and denaturation after which the gradient is 
centrifuged at 24,000 rpm for 210-225 mths at 7°C in a 6 X 16.5 ml aluminum 
swing out rotor in a MSE 65 ultracentrifuge, Fractions are collected by 
pumping out at negative presure through a capillary 0.5 cm from the bottom of 
the tube. The DNA radioactivity in each fraction is determined by the method 
described in fig 10.1. 
Fig. 10.12 The Molecular weight of long term labelled DNA 
strands released by lysis of cells on top of an 
alkaline sucrose gradient. 
972h cells were grown in minimal medium con-
taining 1.51.'Ci/ml 2-14C uracil (58 mCi/mmol) 
at 25°C for 18 hours, until early log phrase. 
The cells were centrifuged, resuspended in 
fresh medium, and incubated for a further 4 
hours in the absence of tracer. The cells 
were then harvested by centrifugation, mixed 
with approx 1010 3 thymidine labelled T4 
phage, loaded onto a lysing gradient and cent-
rifuged as described in Fig. 10.11. Gradient 
fractionation and DNA radioactivity measure- 
ment were performed as described in Fig. 10.11. 
The molecular weight of the main yeast DNA 
peak is 3.6 x 10  daltons, assuming extra- 
polation from the T4 DNA sedimentation 
velocity according to Studier (1965). It 
was assumed that the single strand molecular 
weight of the T4 DNA was 6 x 10 daltons. 
The significance of the low molecular weight 
yeast cpm peak is uncertain. The assay for 
DNA radioactivity is possibly less reliable 
in this region of the gradient because 
(a) the initially high level of degraded RNA 
cpm and (b) the presence of the detergent 
from the lys is layer of the gradient destabilises 
the centrifuged DNA pellet of the assay 
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Table 10.1 Maze digestion of acid washed cells. 	- 
+ DNase 	 - DNase 
27.2 	 27.7 	 DNA ( fg/cel]. ) 
Table 10.1 8 50 inl samples of log phase 972 h cells were 
collected by filtration and stored at -20 °C. Each sample was 
suspended in 0.5 M PCA at 0°C for 30 mm. The cells were then 
washed 1 X ind.H20 and 1 X in MES buffer ( by centrifugation ) 
and suspended in MES buffer containing 	100 /.kg/ml DNaseI(Sn ) 
k replicates for each treatment. After incubation at 37°C for 
30 mins, an xs of 0°C 0.5 M PCA was added, the sample centrifuged 
• and the pellet of cells assayed for DNA by the diphenylamine 
method as described in Appendix II. The results are presented as 
the average DNA content per cell after the two different 
treatments ( + DNase ). 
Table 10.2 DNA extraction by alkaline lysis. 
Control cells 	 Lysed cells 
DNA in pellet 	 DNA acid precipitated 
from supernatant. 
Relative DNA 	100 	 9.87 	 69.7 - content. 
Table 10.2 8 50 ml samples of 972 h cells were collectd by 
filtration from a log phase culture. The DNA content of .4 replicates 
( control cells ) was measured as usual as described in Appendix II. 
The other 4 repl icates ( lysed cells ) were suspended in 1 ml 
of ice cold 0.5M NaOH 0.01 M EDTA and left at 0 0C for 20 mlns. 
These samples were then centrifuged and the supernatant was withdrawn 
and acidified with 60% PCA. After 30 min at 0 °C, the acid precipitate 
was collected by centrifugation and its DNA content was measured 
as in the control. The pellet left after alkaline lysis was washed 
with d,H20 and its DNA content was measured as in the control. 
The discrepancy between the combined DNA content of the lysed cells 
and that of the control is probably due to a failure to acid 
precipitate and 'collect all the DNA released from lysed cells into 
	
the supernatant. 	 ' 
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CHAPTER 11 
APPENDIX II: OTHER TECHNIQUES USED 
Genetics 
Standard genetical procedures for S. poinbe have been used as 
described by Gutz et al. (1974). 	All strains derive from the hap- 
bid wild type initially used by Leupold (1950) with mating type 
h- (972) and h
+
(975). Tests for dominance/recessvity and recombi-
naticn frequency were performed as described by Nurse et al. (1976) 
Complementation tests were performed by crossing h cdc x ad 6 - 616 
to mei 1-102 cdc y ura 5-294. The mating type allele mei 1102 
produces non sporulating diploids when crossed to an h strain (Ecel, 
1973). 	Diploids were selected by streaking onto minimal medium and 
incubating at the permissive temperature (25 °C). 	Such diploids were 
then tested for temperature sensitive growth or morphology. 
Media and growth conditions 
The media malt extract agar (MEA) and yeast extract glucose 
agar (YEA) have been described by Gutz et al. (1974). 	Phloxin B 
(from Sigma.) which stlains only dead cells was added to YEA at 20 
mg/i after the autoclaved medium had cooled below 60°C. Cultures 
were grown at 25 
0 
 C and 36 
0
C in a minimal medium consisting of (per 
litre) glucose 20 g, ammonium sulphate 5 g, magnesium chloride 1 g, 
potassium hydrogen phthallate 3 g, disodium hydrogen orthophosphate 
1.8 g, and traces and vitamins as described by Mitchison (1970). 
For complete medium, yeast extract (Difco) was added at a final con- 
centration of 0.5%. 	In general, physiological experiments were 
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performed in complete medium whereas experiments involving the incor-
poration of radioactive precursors were performed in minimal medium. 
(C) 	Mutagenesis and mutant isolation 
The wild type strain 972 h was mutagenized with nitrosoguanidine 
to 30% survival as described by Gutz et al. (1974) and plated out at 
about 400 survivors per plate on YEA containing Phioxin B. After 4 
days at 25°C the colonies were replica plated and examined after 36 
hours incubation at 25°C and 36°C. Those colonies that showed poor 
growth or were stained with Phloxin B at 36 °C comprised about 3.5% of 
the survivors. Only ts mutants which formed elongated cells at 36 0C 
were retained as presumptive cdc mutants. These mutants were further 
screened microscopically, and those which continued to divide after 5 
hours at 36°C were discarded as too leaky to warrant further analysis. 
Ultraviolet sensitivity 
Cells were grown overnight in minimal medium at 25°C, harvested 
by centrifugation during mid log phase, suspended in 0.9% saline, and 
exposed (while being stirred in a petri dish) to a UV source for 
varying periods. 	Each sample was added to 2 volumes of complete 
medium on ice and plated at appropriate dilutions onto YEA plates. 
Viability 	 - 
The viable count of a culture was determined by plating 0.1 ml 
of cells at an appropriate dilution (usually 10- 
3 
 ) onto YEA plates, 
which were then incubated at 25 °C. Colonies were counted after 4 
days growth. 
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Cell number, Nuclearstaining and Macromolecule measurement 
Cell number was determined as described by Mitchison (1970). 
Protein determinations (except cheinostat samples) and nuclear staining 
were performed as described by Nurse et al., (1976). 	Bulk DNA and 
RNA measurements were performed as described by Bostock (1970). 
Protein content of cells grown in the chemostat 
A 1.5 ml sample of the chemostat culture was immediately frozen 
and stored at -20°C. 	After thawing the cells were spun down at 
14,000 g, washed with distilled water and suspended in 0.3 ml of dis- 
tilled water. 	2 x 0.1 ml samples were hydrolysed in 1 M NaOH con- 
taining 2% sodium deoxycholate for 18 hours at 320C and then assayed 
for protein by the method of Lowry et al. (1951). 	Cell number was 
determined from a parallel 0.1 ml sample. 	 - 
Synchronous cultures 
Synchronous cultures were prepared by selecting slowly sedimenting 
small cells after centrifugation in lactose gradients. The cells of 
the parent asynchronous culture were collected by filtration and sus-
pended in a small volume of medium. These cells were then centri-
fuged in 7.5% - 30% lactose gradients (made up in medium). 	For 
small synchronous cultures used in DNA labelling experiments, this 
was performed in tubes as described by Mitchison and Carter (1975). 
For large synchronous cultures used for measuring bulk DNA, this was 
performed in a zonal rotor as described by Mitchison and Carter (1975) 
In either case, a fraction of small cells was collected after centri-
fugation and inoculated into fresh medium. 
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(i) 	Tracers, Scintillation counting and Autoradiography of cells 
Tracers 
All tracers were purchased from Pmersham U.K. 
8 - 3H guanosine (10.5 Ci/mmol). 
4,5 - 3H leucine (54 Ci/mmol). 
6 - 3H uracil (20 Ci/iranol). 
2 - 14 C uracil (58 InCl/II!mol). 
6 - 3H thymidine (25 Ci/mmol). 
Scintillation countina 
Dried GFA filters, where used, were counted in a toluene scm-
tillant containing 0.5% butyl PBD. 	Licuid sarnples, for instance, 
the hydrolysates for measurement of radioactive DNA, were counted in 
a scintillant containing 60% toluene 40% rnethoxyethanol 0.5% butyl 
PBD. 
Autoradicgraphy of cells 
Cells, appropriately treated, were dried directly onto microscope 
slides, which were then dipped in emulsion and exposed at 4 °C. Ilford 
nuclear research emulsion (in gel form; type L4 or 1(2) was used; it 
was heated for 20 to 30 mins at 45 °C prior to dipping of slides. The 
exposed autoradiographs were developed for 5.5 min in 1:2 D19 developer 
(Kodak) at 200C and fixed for approximately 3 min in 
The slides were then washed for 30 to 60 min in running tap water, 
stained for 3 min in 0.05% basic fuschin, and de-stained for 1.5 mm 
in 30% ETOH. The autoradiographs were viewed using a bOX object-
ive on a Zeiss photomicrosccpe. 
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Preparation of pulse labelled nucleic acids and their 
sedimentation analysis 
50 ml of mid-late log phase cells grown at 25 °C (if prelabelled 
then in 0.25 PCi/ml 2-14C iracil) were shifted to 36 °C by filtration 
and pulse labelled with 1 mCi 6- 3H uracil (20 Ci/mmol) after 100 inins. 
Incorporation was stopped by the addition of crushed ice, the cells 
rapidly filtered, suspended in ice cold buffer containing 2% sodium 
triisoprcpyl naphthalene sulphonate 0.01 M NaCl 0.05 N tris-HC1 pH 
7.8 and frozen on CO2/ETOH. The nucleic acids were extracted and 
stored as described by Fraser (1975). 	The sedime ,tation velocity 
of native DNA was analysed by dissolving about 1 jig of DNA in 0.2 ml 
of N'rE buffer containing 0.1 N NaCl 0.01 N tris-HC1 0.001 M EIYrA pH 
7.5 and centrifuging in a 14 ml 5 - 20% linear sucrose gradient in 
NTE buffer with a 1 ml 70% sucrose shelf for 23 hours at 24,000 .rpm 
at 7°C in a 6 x 16.5 ml MSE aluminium swing out rotor. The sedi-
mentation velocity of denatured DNA was analysed by dissolving about 
1 Vg of DNA in 0.15 N NaOH and centrifuging either as above but in 
an alkaline sucrose gradient containing 0.1 N NaOH 0.9 N NaCl and 
0.01 N EtYI'A or in a similar 5 ml gradient in a 6 x 5 ml Titanium 
swing out rotor for 19 hours at 48,000 rpm at 7 °C. 	In all cases 
the gradients were collected by pumping out at negative pressure 
through a capillary from the bottom of the gradient. 
DNA Molecular Weight Markers 
The DNA markers were prepared by digestion of PCRlrGlY  plasmid 
(Rougeon and Mach, 1977) with EcoRI. This releases two small frag-
ments 410 and 210 nucleotides long. The ends of these fragments 
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were labelled with 
32P by reverse transcriptase. 
(1) 	Preparation of yeast extracts for assay of DNA ligase. 
Recently cloned strains were grown at 25°C in 100 ml of complete 
medium till late log phase (1 - 2 x 10 cells/ml). 	The cultures were 
then cooled to 0°C, harvested by centrifugation, washed in 5 ml of 
extraction buffer (0.05 M tris-HC1 pH 7.5 0.001 M dithiothreitol, 
0.001 M EIYTA 10% glycerol and saturated with PMSF), and finally sus-
pended in 1 ml of the sa=e buffer. An equal volume of glass beads 
were added and the mixture vortexed for three mirs. The crude ex-
tract was separated from cell debris by centrifugation at 18,000 g 
for 30 mins. Aliuots were frozen izediately on CO 2/ETOH and 
stored at -200C. All the above operations were performed at 0°C. 
The protein content of extracts was determined by the method, of .Lowry 
et al. (1951) . 	 - 
(m) 	Preparation of labelled phaae DNA 
Escherichia coli, strain 803 	 CI 857 S7, was grown in L 
broth at 31°C to OD 
650
= 0.45, induced at 42°C for 25 mins, resus-
pended in a half volume of fresh. medium containing 0.02 mCi/mi 6- 3H 
thymidine (Amersham 25 Ci/rnmol) and incubated for 120 mins at 37 °C. 
The cells were then resuspended in phage buffer and lysed with CHCI 3 . 
The phage was extracted from the cell pellicle by several washes at 
0°C over a period of 18 hours and banded twice in CsC1. 	It was then 
dialysed against 0.01 M tris-HC1 pH 8.0 0.001 M EDTA (TE buffer) and 
the protein removed by three extractions with freshly disti)led 
phenol equilibrated with 0.5 M tris-HC1 pH 8.0. The extracted DNA 
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was dialysed against 4 changes of 1000 volumes of TE buffer over 
20 hours and stored sterile at 4 
0
C. 
Hydrogen bonded circles were prepared by first melting the phage 
DNA at 70°C for 10 mins in.0.1 M NaCl TE buffer, and then annealing 
in 2 M NaCl at a DNA concentration of 5Vg/ml for 120 mins at 50 °C. 
The cohered DNA was concentrated by precipitation with 2 volumes of 
ethanol at -20°C, centrifuged at 14,000 g for 40 mins, the pellet 
dissolved in TE buffer, and dialysed against 0.04 M NaCl in TE buffer. 
The final DNA concentration was usually about 25/.k/ml. About 25% 
of the molecules were circular as judged by electrophoresis on 
agarose gels. 
(n) 	Enzyme reaction conditions and centrifugaticn of cicsed circles 
The reaction mixture consisted of.(a) 0.08 ml of cohered DNA 
circles at a DNA concentration of 25 pg/mi, (b) 0.008 ml of a cocktail 
containing 0.66 M tris-HC1 pH 7.5 0.01 M EDTA 0.1 M ?!gCl 2 0.01 M 
dithiothreitol and 0.01 M ATP, and (c) 0.008 ml of crude extract 
(usually at a protein concentration of 18 mg/ml). 	The reaction mix- 
ture was usually incubated for 30 xnins at 25 °C or 15 mins at 35 °C; 
it was then chilled, EtYIA added to a final concentration of 0.04 H, 
and NaOH added to a final concentration of 0.2 H. 0.1 ml of the 
mixture was layered on top of a 5 ml 5 to 20% linear sucrose gradient 
containing 0.25 H NaOH 0.75 M NaCl and 0.004 N EIYTA. Centrifugation 
was performed either in a 3 x 5.5 ml aluminium swing out or in a 6 
x 5 ml Titanium swing out rotor at 38,000 rpm for 75 mins at 5 °C 
in a MSE 65 ultracentrifuge. 	10 drop fractions were collected 
through a needle pierced through the bottom of the tube directly 
into scintillation vials, to which 0.1 ml of 1 M tris-EC1 pH 7.5 
and 8 ml of rnethoxyethanol scintillant was added. The vials were 




ALBERrS, B.M. and FREY, L. (1970). 	T4 phage gene 32; a structural 
protein in the replication and recombination of DNA. Nature, 
227, 1313-1317. 
AVERY, O.T., MacLEOD, C.M. and McCARTY, M. (1944). 	Studies on the 
chemical nature of the substance inducing transformation of 
pneumococcal types. 	Induction of transformation by a deoxy - 
ribonucleic acid fraction isolated from Pneumococcus type III. 
J.exp.Med., 79, 137-158. 
BECK, C. and Von MEYENBURG, H.K. (1968). 	Enzyme pattern and Aerobic 
growth of Saccharomyces cerevisiae under various degrees of 
Glucose limitation. 	J.Bacteriol., 96, 479-486. 
BENBOW, R.M. and FORD, C.C. (1975). 	Cytoplasmic control of nuclear 
DNA synthesis during early development of Xenopus laevis: a cell 
free assay. 	Proc.Nat.Acad.Sci.,U.S.A., 72, 2437-2441. 
BENY1JATI, C. and WORCEL, A. (1976). 	The isolation of the folded 
interphase genome of Drosophila. 	Cell 9, 393-407. 
BEYERSMANN, D., MEYER, W., and SCHLICHT, M. (1974). 	Mutants of 
Escherichia coli B/r defective in DNA initiation: dna I, a new 
gene for replication. 	J.Bacteriol., 118, 783-789. 
BILLEN, D., HELLERM1NN, G.R. and STALLIONS, D.R. (1975). 	Role for 
DNA ligase in DNA polymerase I dependent repair synthesis in 
toluene treated E. coli. 	J.Bacteriol., 124, 585-588. 
BIRD, R.E., LOUARN, J., MARTUSCELLI, J. and CARO, L. (1972). 	Origin 
and sequence of chromosome replication in E. coli. 	J.mol.Biol., 
70, 549-566. 
152. 
BLUMENTHAL, A.B., KRIEGSTEIN, H. J. and HOGNESS, D. S. (1973). 	The 
units of DNA replication in Drosophila melancgasterchromosoines. 
Cold Spring Harbor Symp.Quant.Biol. 38, 205-223. 
BODE, V.C. and KAISER, A.D. (1965). 	Changes in the structure and 
activity of Lambda DNA in a superinfected immune bacterium. 
J. Mol. Biol. 14, 399-417. 
BONHOEFFER, F. and SCHELLER, H. (1965). 	A method for selective 
enrichment of mutants based upon the high sensitivity of DNA 
containing 5 brcmouracil. Biochem.Biophys. Res. Commun. 20, 
93-97. 
BOSTOCX, C.J. (1969). 	Mitochondrial WA in the fission yeast 
Schizcsaccharcmyces pombe. 	Biochim. Biophys. Acta 195, 579-581. 
BOSTOcK, C.J. (1970). 	DNA synthesis in the fission yeast 
Schizosaccharcryces pcmbe. 	Exp. Cell Res. 60, 16-26. 
BOSTOCK, C • J., CHRISTIE, S., HATCH, F. T. and MAZRIMAS, J . A. (1977). 
A stable "near haploid" mammalian cell line (Dipodomys ordii). 
Exp. Cell Res. 106, 373-377. 
BRIDGES, C.B. (1916). 	Non-disjunction as proof of the chromosome 
theory of heredity. Genetics (Princeton) 1, 1-52 and 107-163. 
BRIDGES, C.B. (1922). 	The origin of variations in sexual and 
sex-linked characters. 	Amer.Natur. 56, 51-63. 
BURTON, K. (1956). 	A study of the conditions and mechanisms of 
the diphenylamine reaction for the colorimetric estimation of 
DNA. 	Biochem. J. 62, 315-322. 
BYERS, B. and GOETSCH, L. (1973). 	Duplication of spindle plaques 
and integration of the yeast cell cycle. 	Cold Spring Harbor 
Symp.Quant.Biol. 38, 123-131. 
153. 
CABELLO, F., TIMNIS, K. and COHEN, S.N. (1976). 	Replication control 
in a composite plasmid constructed by in vitro linkage of two 
distinct replicons. 	Nature 259, 285-290. 
CAIRNS, J. (1963). 	The bacterial chromosome and its manner of 
replication as seen by autoradiography. 	J.Mol.Biol. 6, 208-213. 
CAMERON, I.L. and GRUELICH, R.C. (1963). 	Evidence for an essentially 
constant duration of DNA synthesis in renewing epithelia of the 
adult mouse. 	J. Cell Biol., 18, 31-40. 
CAMPBELL, A. (1961). 	Sensitive mutants of Bacteriophage A. Virology, 
14, 22-32. 
CHAMBERLIN, N.J. (1974). 	The selectivity of transcription. 	Ann. 
Rev.Biochem. 43, 721-775. 
cHAMPOUX, J.J. (1976). 	Evidence for an intermediate with a single 
strand break in the reaction catalysed by the EA untwisting 
enzyme. 	Proc.Nat.Acad.Sci., USA, 73, 3488-3491. 
COOK, J.R. and JAMES, T.W. (1964). 	Age distribution of cells in 
logarithmically growing cell populations. 	In: Synchrony in 
cell division and growth (editor E. Zeuthen). New York. 
Inter Science Publishers Inc. 
COOPER, S. and HELMSTETTER, C.E. (1968). 	Chromosome replication and 
the division cycle of Escherichia coli B/r. J.Mol.Biol. 31, 519-540. 
COZARELLI, N.R. and LOW, R.L. (1975). 	Mutational alteration of 
Bacillus subtilis DNA polymerase III to hydroxy-phenylazopyrimidine 
resistance: polymerase III is necessary for DNA replication. 
Biochem.Biophys. Res.Commun. 51, 151-157. 
154. 
CRANE, M.St.J., and THOMAS, D.B. (1976). 	Cell cycle,cell shape 
mutant with features of the Go state. 	Nature 261, 205-208. 
cRERAR, M. and PEARLMAN, R.E. (1974). 	DNA polymerase from 
Tetrahyrnena pyriformis. 	Purification and properties of the 
• 	 major activity in exponentially growing cells. 	J.Biol.chem. 
• 	 249, 3123-3131. 
CRISSMAN, H.A., MULLANEY, F.F. and STEINKAMP, J.A. (1975). Methods 
and applications of flow systems for the analysis and sorting 
of mammalian cells. 	Methods in Cell Biology, Vcl. 9, 179. 
Ed. Prescott, D.M., Acad.Press, N.Y. 
CRUMPLIN, G.C. and SMITH, J.J. (1976). 	Nalidixic acid and bacterial 
chromosome replication. 	Nature 260, 643-644. 
CRYER, D.R., GOLDTHWAITE, C.D., ZINR, S., LAM, K.B., STORM, E. 
HIRSCHBERG, R., BLAMIRE, J., F INKE LSTE IN, D. B. and MARMUR, J. 
(1973). 	Studies on nuclear and mitochondrial DNA of 
Saccharomyces cerevisiae. Cold Spring Harbor SyrLp.Quant.Biol. 
38, 17-29. 
CULCITI, J. and HARTWELL, L.H. (1971). 	Genetic control of the cell 
division cycle in yeast. 	III. Seven genes controlling nuclear 
division. Exp.Cell Res. 67, 389-401. 
DELBRUCK, M. (1941). A theory of auto catalytic synthesis of poly-
peptides and its application to the problem of chromosome 
reproduction. 	cold Spring Harbor Symp.Quant.Biol. 9, 122-126. 
DE LUCIA, P. and CAIRNS, J. (1969). 	Genetic analysis of an E. coli 
strain with a mutation affecting DNA polymerase. Nature 224, 
1164-1166. 
155. 
DONAcHIE, W.D. (1968). 	Relationship between cell size and time of 
initiation of DNA replication. Nature 219, 1077-1079. 
DONACHIE, W.D., JONES, N.C. and TEATHER, R. (1973). 	The bacterial 
cell cycle. Soc.for gen.Microbiol. Symp. 23, 9-44. 	Editors 
Ashworth, J.M. and Smith, J.E., Camb. Univ. Press. 
EDE11BERG, H.J. and HUBERM.N, J.A. (1975). 	Eukaryotic chromosome 
replicaticn. 	Ann.Rev.Genet. 9, 245-280. 
EGEL, R. (1973). 	Commitment to meiosis in fission yeast. 	Nolec. 
Gen.C-enet. 121, 277-264. 
EGEL, R. and EGEL-MITANI, H. (1974). 	Premeiotic DNA synthesis in 
fission yeast. 	Exp.Cell Pes. 88, 127-134. 
EPSTEIN, R.H. et al. (1963). 	Physiological studies of conditional 
lethal mutants of bacteriophage T4 D. Cold Spring Harbor Symp. 
Quant.Biol. 28, 375-394. 
FANTES, P.A. (1977). 	Control of cell size and cycle time in 
Schizosaccharcmyces pcmbe. 	J. Cell Sci. 24, 51-67. 
FANI'ES, P. and NURSE, P. (1977). 	Control of the cell size at 
division in fission yeast by a growth modulated size control 
over nuclear division. Exp.Cell Res. 107, 377-387. 
FARBER, R. and UNRAU, P. (1975). 	Isolation of cold-sensitive 
Chinese Hamster cells. 	Molec.gen.Genet. 138, 233-242. 
FAREED, G.C. and RICHARDSON, C.C. (1967). Enzymatic breakage and 
joining of DNA. II. The structural gene for polynucleotide 
ligase in bacteriophage T4. Proc.Nat.Acad.Sci.,USA 58, 665-672. 
FRANCKE, B. and HUNTER, T. (1974). 	In vitro polyoma DNA synthesis: 
discontinuous chain growth. 	J.Mol.Biol. 83, 99-121. 
156. 
FRASER, R.S.S. (1975). 	Turnover of polyadenylated messenger RNA 
in fission yeast. 	Eur.J.Biochem. 60, 477-486. 
FRAZIER, E.A.J. (1973). 	DNA synthesis following gross alteration 
of the nucleocytoplas.mic ratio in the ciliate Stentor coeruleus. 
Develop. Biol. 34, 77-92. 
FRIEDRICH-FRESKA, H. (1940). 	Bei der chromosomen konjugation wirksame 
krafte und ihre Bedeutung für die identische Verdoppling von 
Nucleoproteinen. Natur-wissenshaffen 28, 376-379. 
FUCHS, J.A., KARLSTROM, H.0., WARNER, H.R. and REICHARD, P. (1972). 
Defective gene product in dna F mutant of E. coli. Nature New 
Biol. 238, 69-71. 
GAME, J.C. (1976). 	Yeast cell cycle mutant cdc 21 is a temperature 
sensitive thymidylate auxotroph. Molec.gen.Genet. 146, 313-315. 
GAUTSHI, J.R. and CLARXSa, J.M. (1975). 	Discontinuous DNA re- 
plication in Mouse P815 cells. 	Eur.J.Biochem. 50, 403-412. 
GEFrER, M. (1975). 	DNA replication. 	Ann.Rev.Biochem. 44, 45-78. 
GEIDER, K. and KORNBERG, A. (1974). 	Conversion of the M13 viral 
single strand to the double-stranded replicative forms by 
purified proteins. 	J.Biol. Chem. 249, 3999-4005. 
GELLERT, M. (1967). 	Formation of covalent circles of Lambda DNA 
E. coli extracts. 	Proc.Nat.Acad.Sci., USA, 57, 148-155. 
GELLERT, M. and BULLOCK, M.L. (1970). 	DNA ligase mutants of E. 
coli. Proc.Nat.Acad.Sci..,USA 67, 1580-1587. 
GELLERT, M., MIZNUCHI, K., ODEN, M.H., and NASH, H.A. (1977). DNA 
gyrase - an enzyme that introduces superhelical twists into 
DNA. 	Proc.Nat.Acad.Sci., USA 73, 3872- 
157. 
GENTA, V.M., KAUFMAN, D.G., KAUFMAN, W.K. and GERWIN, B.I. (1976). 
Eukaryotic DNA replication complex. 	Nature 259, 502-503. 
GOTTESMAN, N.M., HICKS, M.L. and GELLERT, M. (1973). 	Genetics and 
function of DNA ligas6 in E. coli. 	J.Mol.Biol. 77, 531-547. 
GOULIAN, M. and KORNBERG, A. (1967). 	Enzymatic synthesis of DNA. 
XXII. Synthesis of circular replicative form of phage 0 x 174 
DNA. 	Proc.Nat.Acad.Sci., USA 58, 1723-1730. 
GRAHAM, C.F., ARMS, K. and GURDON, J.B. (1966). 	The induction of 
DNA synthesis by frog egg cytoplasm. Develop.Biol. 14, 349-381. 
GRAVES, J.A. (1972). 	DNA synthesis in heterokaryons formed by 
fusion of mammalian cells from different species. 	Exp. Cell 
Res. 72, 393-403. 
GRIVELL, A.R. and JACKSON, J.F. (1968). 	Thymidine kinase: Evidence 
for its absence from Neurospora crassa and some other micro-
organisms, and the relevance of this to the specific labelling 
of DNA. 	J.Gen.Nicrobiol. 54, 307- 
GURDON, J.B. (1967). 	On the origin and persistence of a cytoplasmic 
state inducing nuclear DNA synthesis in frog's eggs. 	Proc.Nat. 
Acad.Sci., USA 58, 545-552. 
GUTZ, H., HESLOT, H., LEUPOLD, U. and LOPRIENO, N. (1974). 
Schizosaccharomycespombe. 	In: Handbook of Genetics, Vol. 1, 
Editor R.C. King, N.Y., Plenum Press. 
HARRIS, H., MILLER, 0.J., KLEIN, G., WORST, P. and TACHIBAUA, T. 
(1969). Suppression of malignancy by cell fusion. Nature 
223, 363-368. 
158. 
HARTWELL, L.H. (1970). 	Periodic density fluctuation during the 
yeast cell cycle and the selection of synchronous cultures. 
J.Bacteriol. 104, 1280-1285. 
HARTWELL, L.H., CULOTrI, J. and REID, B. (1970). 	Genetic control 
of the cell division cycle in yeast. 	I. Detection of mutants. 
Proc.Nat.Acad.Sci., USA 86, 352-359. 
HARELL, L.H. (1971). 	Genetic control of the cell division cycle. 
II. Genes controlling DNA replication and its initiation. J. 
Mol.Eiol. 59, 183-194. 
HARTWELL, L.H. (1973). 	Three additional genes required for DNA 
synthesis in Saccharomyces cerevisiae. J.Bacteriol. 115, 966-974. 
HART-WELL, L. H., M0RTI?E R, R. K., cuwrri, J. and CULOrT I, 1. (1973). 
Genetic control of the cell division cycle in yeast. V Genetic 
analysis of cdc mutants. 	Genetics 74, 267-286. 
HARTWELL, L.H. (1974). 	Saccharcryces cerevisiae cell cycle. 	Bact. 
Rev. 38, 164-198. 
HARTcTELL, L.H., CUWI'TI, J., PRINGLE, J.R. and REID, B.J. (1974). 
Genetic control of the cell division cycle in yeast. Science 
183, 46-51. 
HARTWELL, L.H. (1976). 	Sequential function of gene products relative 
to DNA synthesis in the yeast cell cycle. J.Mol.Bioi. 104, 803-817. 
HASKELL, E.H. and DAVERN, C.I. (1969). 	Pre-fork synthesis: 	A 
model for DNA replication. Proc.Nat.Acad.Sci., USA 64, 1065-1071. 
HATZFIELD, J. (1973). 	DNA labelling and its assay in yeast. Biochim. 
Biophys.Acta 299, 34-42. 
159. 
HAWTHORNE, D.C., and FRIIS, J. (1964). 	Osmotic remedial mutants. 
A new classification for nutritional mutants in yeast. Genetics 
50, 829-839. 
HEREFORD, L.M. and HARTWELL, L.H. (1973). 	Role of protein synthesis 
in the replication of yeast DNA. 	Nature New Biology 244, 129-131. 
HEREFORD, L.M. and HARTWELL, L.H. (1974). 	Sequential gene function 
in the initiation of Saccharomyces cerevisiae DNA synthesis. 
J.Mol.Biol. 84, 445-461. 
REP-RICK, G. and ALBERTS, B. (1973). 	A nucleic acid helix-unwinding 
protein from calf thymus. 	Fed.Proc. 32, 497- 
NEUMA124, J.M. (1977). 	A model for the replication of ends of linear 
chromosomes. 	Nucl.Acids Res. 3, 3167- 
HEWISH, D.R. (1976). 	DNA replication in eukaryctes; a model for 
the specific involvement of chromatin subunits. 	Nucl.Acids Res. 
3, 69- 
HORIUcHI, T., SATO, T. and NAGATA, T. (1975). 	DNA degradation in an 
amber mutant of E. coli K12 affecting DNA ligase and viability. 
J.Mol.Biol. 95, 271-287. 
HOROWITZ, N.H. and LEUPOLD, U. (1951). 	Some recent studies bearing 
on the one gene-one enzyme hypothesis. 	Cold Spring Harbor.Syinp. 
Quant.Biol. 16, 65-74. 
HOWELL, S.H. (1974). 	An analysis of cell cycle controls in temper- 
ature sensitive mutants of Chlamydomonas reinhardii. 	In: Cell 
Controls. (Editors G.M. Padilla, I.L. Cameron and A. Zimmermann) 
New York: Acad.Press. 
HUBERMAN, J.A., TSAI, A. and DEICH, R.A. (1973). 	DNA replication 
sites within nuclei of mammalian cells. 	Nature 241, 32-36. 
160. 
JACOB, F., BRENNER, S. and CURZON, F. (1963). 	On the regulation 
of DNA replication in bacteria. Cold Spring Harbor Symp. 
Quant.Biol. 28, 329-348. 
JAMES, A.P., DUCK, P. and NASIM, A. (1976). 	Temperature sensitive 
mutant of Schizosaccharomyces pombe exhibiting enhanced radiation 
sensitivity. 	J.Bacteriol. 128, 536-539. 
JARVICK, J. and BOTSTEIN, D. (1973). 	A genetic method for deter- 
mining the order of events in a biological pathway. Proc.Nat. 
Acad.Sci., USA 70, 2046-2050. 
JAZWINSKI, S.M., WANG, J.L. and EDELMAN, G.M. (1976). 	Initiation 
of replication in chromosomal DNA induced by extracts from pro-
liferating cells. Proc.Nat.Acad.Sci., USA 73, 2231-2235. 
JAZWINSKI, S.M. and EDELMAN, G.M. (1976). 	Activity of yeast extracts 
in cell free stimulation of DNA replication. 	Proc.Nat.Acad.Sci. 
USA 73, 3933. 
JEGGO, P.A., UNRPIJ, P., BANKS, G.R. and HOLLIDAY, R. (1973). 	A 
temperature sensitive DNA polymerase mutant of Ustilago maydi.s. 
Nature New Biol. 242, 14-16. 
JEGGO, P.A. and BANKS, G.R. (1975). 	DNA polymerase of Ustilago maydis: 
Partial characterization of the enzyme and a pol 1 mutation. 
Molec.gen.Genet. 142, 209-224. 
JOHNSTON, G. C., PRINGLE, J. R. and HAPWELL, L.H. (1977). 	Co- 
ordination of growth with cell division in the yeast Saccharomyces 
cerevisiae. 	Exp.Cell Res. 105, 79-98. 
JOHNSON, R.T. and RAO, P.N. (1971). 	Nucleo-cytoplasmic interactions 
in the achievement of nuclear synchrony in DNA synthesis and 
mitosis in multinucleate cells. 	Biol.Rev. 46, 97- 
161. 
KAVENOFF, R. and ZIMM, B.H. (1973). 	Chromosome sized DNA molecules 
- 	 from Drosophila. 	Chromosoma 41, 1-27. 
KILLANDER, D. and ZETERBERG, A. (1965). 	Quantitative cytochemical 
studies on interphase growth. 	I. Determination of DNA, RNA 
and mass content of age determined mouse fibroblasts in vitro 
and of intercellular variation in generation time. 	Exp. Cell 
Res. 38, 272-284. 
KIMBALL,  R.F., PERDUE, S.W., CHU, E.E.Y. and ORTIZ, J.R. (1971). 
Microphotometric and autoradiographic studies on the cell cycle 
and cell size during growth and decline of Chinese hamster cell 
cultures. 	Exp. Cell Res. 66, 17-32. 
KLEIN, A. and BONHOEFFER, F. (1972). 	DNA replicaticn. 	Ann. Rev. 
Biochem. 41, 301-332. 
KONRAD, E.B., ?0DRICE, P. and LEHMAN, I.R. (1973). 	Genetic and 
enzymatic characterization of a conditional lethal mutant of 
Escherichia coli K12 with a temperature-sensitive DNA llgase. 
J.Mol.Biol. 77, 519-529. 
KONRAD, E.B. and LEH?AN, I.R. (1974). 	A conditional lethal mutant 
of E. ccli K12 defective in the 5' - 3.' exonuclease associated 
with DNA polymerase I. 	Proc.Nat.Acad..Sci., USA 71, 2048-2051. 
KORNBERG, A. (1969). 	Active center of DNA polymerase. 	Science, 163, 
1410-1418. 
KORNBERG, A. (1974). 	DNA synthesis. 	W.H. Freeman & Co., San 
Francisco. 
KOWALSKI, J. and CHEEVERS, W.P. (1976). 	Synthesis of high mole- 
cular weight DNA strands during S phase. J.Mol.Biol. 104, 603-615. 
162. 
KRIEGSTEIN, H.J. and H0GNESS, D.S. (1974). 	Mechanism of DNA re- 
plication in Drosophila chromosomes: Structure of replication 
forks and evidence for bidirectionality. 	Proc.Nat.Acad.Sci., 
USA 71, 135-139. 
KUEMPEL, P.L. and VOEMETT, H.G. (1970). 	A possible function of DNA 
polymerase in chromosome replication. 	Biochem.biophys.Res. 
Commun. 41, 973-980. 
LARK, K.G. (1972). 	Evidence for the direct involvement of RNA in 
the initiation of DNA replication in E. coli 15T. 	J.Mol.Biol. 
64, 47-60. 
LARK, K.G. and WECHSLER, J.A. (1975). 	DNA replication in dna B 
mutants of E. coli. 	Gene product interaction and synthesis of 
4s pieces. 	J.Mol.Biol. 92, 145-163. 
LEHMAN, I.R., BESSMAN, M.J., SIMNS, E.S. and KORNBERG, A. (1958). 
Enzymatic synthesis of deoxyribonucleic acid. I. Preparation of 
substrates and partial purification of an enzyme from E. coli. 
J.biol.Chem. 233, 163-170. 
LEHMAN, IR., ZIMMERMAN, S.B., ADLER, J., BESSMAN, N.J., SINNS, E.S. 
and KORNBERG, A. (1958). 	Enzymatic synthesis of deoxyribonucleic 
acid. 	V. Chemical composition of enzymatically synthesised 
deoxyribonucleic acid. 	Proc.Nat.Acad.Sci., USA 44, 1191-1196. 
LEHMAN, I.R. (1974). 	DNA ligase: Structure, mechanism and function. 
Science 186, 790-797. 
LEHMAN, I.R. and UYEMURA, D.G. (1976). 	DNA polymerase I: 
Essential replication enzyme. 	Science 193, 963-969. 
163. 
LEUPOLD, U. (1950). 	Die Verebung von Homothallie und Heterothallic 
bei Schizosaccharornvces pombe. 	C.R.Lab. Carlsberg, S&r.physiol. 
24, 381-480. 
LEY, K.D. and TOBEY, R.A. (1970). 	Regulation of initiation of DNA 
synthesis in Chinese hamster cells. 	II. Induction of DNA synthesis 
and cell division by isoleucine and glutamine in Gi arrested' cells 
in suspension culture. 	J.Cell Biol. 47, 453-459. 
LISKAY, R.M. (1977). 	Absence .of a measurable 62 phase in two 
Chinese hamster cell lines. Proc.Nat.Acad.Sci.,USA 74, 1622-1625. 
LOER, D., CORDEN, J., TAT-CHELL,K., KOVACIC, R.T. and Van HOLDE, K.E. 
(1977). 	Comparative subunit structure of Hela, yeast and 
chicken erythrocyte chromatin. Proc.Nat.Acad.Scj.,USA 74, 79-83. 
LOUABN, J.M. and BIRD, R.E. (1974). 	Sue distribution and molecular 
polarity of newly replicated DNA in E. coli. Proc.Nat.Acad.Sci., 
USA 71, 329-333. 
LOWRY, 0.H., R0SENBRQUQ, N.J., FARR, A.L. and RANDALL, R.J. (1951). 
Protein estimation with the folin phenol reagent. J.Biol.them. 
193, 265-275. 
MacDONALD, B.B. (1962). 	Synthesis of deoxyribonucleic acid by micro- 
and macro-nuclei of Tetrahymena pypfcrmis. J.Cell Biol. 13, 193-203. 
MANOR, H., DEUTSCEER, M.P., LITrAUER, U.Z. (1971). 	Rates of DNA chain 
growth in E. coli. 	J.Mol.Biol. 61, 503-524. 
MASTERS, M. and BRODA, P. (1971). 	Evidence for the bidirectional 
replication of the E. coli chromosome. 	Nature New Biol. 232, 137-140. 
McGRATH, R.A. and WILLIAMS, R.W. (1966). 	Reconstruction in vivo of 
irradiated E. coli DNA; the rejoining of broken pieces. Nature 
212, 534-535. 
164. 
MESELSON, M. and STAHL, F.W. (1958). 	The replication of DNA in 
Escherichia coli. 	Proc.Nat.Acad.Scj., USA 44, 671-682. 
MESSER, W., DANKWORTH, L., TIPPE-SCHINDLER, R., WOMACK, J.E. and 
ZAHN, G. (1975). 	Regulation of the initiation of DNA repli- 
cation in E. coil. Isolation of I-RNA and the control of I-RNA 
synthesis, p. 602-617. 	In: M. Goulian and P. Hanawalt (Ed;). 
DNA Synthesis and its Regulation. 	W.A. Benjamin, Menlo Park, 
Calif. 
MIESCRER, F. (1897). 	In Vogel, F.C.W.: Die histochemischen und 
physiologischen Arbeiten von Friedrich Miescher. Leipzig. 
MITCHISON, J.M. (1970). 	Physiological and cytological methods for 
Schizosaccharcmyces pcmbe. 	In: Methods in Cell Biology, Vol. 
4, 131-165. 	Ed. D.M. Prescott, Acad.Press, N.Y. 
MITHISON, J.M. and CREANOR, J. (1971a)'. 	Induction synchrony in 
the fission yeast Schizosaccharonyces per±e. 	Exp.Cell Res. 67., 
368-374. 
MITCHISal, J.M. and CREANOR, J. (1971b). 	Further measurements of 
DNA synthesis and enzyme potential during the cell cycle of 
fission yeast Schizosaccharomvces ponbe. Exp.Cell Res. 69, 
244-247. 
MITCHISON, J.M. and CARTER, B.L.A. (1975). 	Cell cycle analysis. 
In: Methods in Cell Biology, Vol. 11, 201-219. 	Ed. D.W. 
Prescott, Acad. Press, N.Y. 
MODRICH, P. and LEHMAN, I.R. (1971). 	Enzymatic characterization of 
a mutant of E. coli with an altered DNA ligase. Proc.Nat.Acad. 
Sci., USA 68, 1002-1005. 
165. 
MODRICH, P., ANRAKU, Y. and LEHMAN, I.R. (1973). 	DNA ligase 
isolation and physical characterization of the homogenous enzyme 
from Escherichia coli. 	J.Biol.Chem. 248, 7495-7501. 
MORTIMER, R.K. and HASTTHORNE, D.C. (1969). 	Yeast Genetics. 	In: "The 
Yeasts". Edited by A.H. Rose and J.S. Harrison, Vol. 1, 386-453. 
Acad. Press. 
MULLER, E.J. (1947). 	The Gene. 	Proc.Roy.Soc.Lond.Ser.B, 134, 1-37. 
NAGATA, T. and HORIUCHI, T. (1974). 	Anber mutant of E. coliKl2 
affecting DNA ligase. 	J.Mol.Biol. 87, 369- 
NAHA, P.M., MEYER, A.L. and HEWITT, K. (1975). 	Mapping of the GI 
phase of a maalian cell cycle. 	Nature 258, 49-53. 
NASIM, A. and SMITH, B.P. (1975). 	Genetic control of radiation sensi- 
tivity in Schizosaccharcyces pornbe. 	Genetics 79, 573-582. 
NEWLON, C.S., PETERS, T.D., HEREFORD, L.M. and FANC-MAN, W.L. (1974). 
Replication of yeast chromosomal DNA. 	Nature 247, 32-35. 
NEWLON, C.S., and FANGMAN, W.L. (1975). 	Mitochondrial DNA synthesis 
in mutants of Saccharcyces cerevisiae. 	Cell 5, 423- 
NURSE, P. (1975). 	Genetic control of cell size at cell division in 
yeast. 	Nature 256, 547-551. 
NURSE, P., THURIAUX, P. and NASMYTH, K. (1976). 	Genetic control of 
the cell division cycle in the fission yeast Schizosaccharcmvces 
pornbe. 	Molec.gen.Genet. 146, 167-178. 
NURSE, P. and THURIAUX, P. (1977). 	Controls over the timing of DNA 
replication during the cell cycle of fission yeast. 	Exp. Cell 
Res. 107, 365-377. 
166. 
NyGAARD, 0., GUTI'ES, E. and RUSCH, H.P. (1960). 	Nucleic acid meta- 
bolism in a slime mould with synchronous mitosis. Biochim. 
Biophys.ACta 38, 298-306. 
OGAWA, T., HIROSE, S., OKAZAXI, T. and CKAZAKI, R. (1977). 	Mechanism 
of DNA chain growth. XVI. J.Mol.Biol. 112, 121-140. 
OKAZAXI, R., OKAZAKI, T., SAKABE, K., SUGIMcIrO, K., KAINUMA, R., SUGINO, 
A. and IWATStJXI, N. (1968). In vivo mechanism of DNA chain growth. 
Cold Spring Ea.rbor.Symp.Quant.Biol. 33, 129-143. 
OLIVERA, B.M. and BONHOEFFER, F. (1974). 	Replication of E. coli re- 
quires DNA polymerase I. 	Nature 250, 513-514. 
ORR, E. and ROSENBERGER, R.F. (1976). 	Initial characterization of 
Aspergillus nidulans mutants blocked in the nuclear replication 
cycle. 	J.Bacteriol. 126, 895-902. 
O'SULLIVAN, M.A. and SUEOKA, N. (1972). 	Membrane attachment of the 
replication origins of a multi-fork chromosome in B. subtilis. 
J.Mol.Biol. 69, 237-248. 
PARDEE, A.B. (1974). 	A restriction point for control of normal 
animal cell proliferation. 	Proc.Nat.Acad.Sci.,USA 71, 1286-1290. 
PARODI, S., MULIVOV, R.A., MARTIN, J.T., NICDINI, C., SARMA, D.S.R., 
FARBER, E. (1975). 	Alkaline lysis of mammalian cells for sedi- 
mentation analysis of n.DNA. Conformation of released DNA as 
monitored by physical, e.m., and enzymological technicues. 
Biochim.Biophys.Acta 407, 174-190. 
PAULING, C. and HAMM, L. (1968). 	Properties of a temperature sensitive 
radiation sensitive mutant of Escherichia coli. 	Proc.Nat.Acad. 
Sci., USA, 60, 1495-1502. 
167. 
PAULING, C. and HAMM, L. (1969). Properties of a temperature sensitive 
mutant of E. coli. II. DNA replication. Proc.Nat.Acad.Sci., USA 
64, 1195-1202. 
PAULING, L. and DELBRUCK, m. , (1940). 	The nature of inter-molecular 
forces operative in biological processes. 	Science 92, 77-79. 
PETES, T.D. and FANGMAN, W.L. (1972). 	Sedimentation properties of 
yeast chromosomal DNA. Proc.Nat.Acad.Sci.,USA, 69, 118-1191. 
PETES., T.D. and WILLIAMSON, D.H. (1975). 	Fibre autoradiography of re- 
plicating yeast DNA. 	Exp. Cell Res. 95, 103-110. 
PETERSON, D.F., ANDERSON, E.C. and TOBEY, R.A. (1968). 	Mitotic cells 
as a source of synchronized cultures. 	Methods Cell Physiol. 3, 
347-370. 
PRESCOTT, D.M. and KUEMPEL, P.L. (1972). 	Bidirectional replication of 
the chromosome in E. coli. Proc.Nat.Acad.Sci.,USA 69, 2842-2845. 
PRESCOTT, D.M. (1976). 	The cell cycle and control of cellular repro- 
duction. 	Advances in Genetics 18, 100-177. 
PRITCHARD, R.H., BARTH, P.T. and COLLINS, J. (1969). 	Control of DNA 
synthesis in bacteria. 	In: "Microbial Growth". Symp. of Society 
of General Microbiology 19, 263-297. 
RAO, P.N. and JOHNSON, R.T. (1970). 	Mammalian cell fusion: Studies 
on the regulation of DNA synthesis and mitosis. 	Nature 225, 159- 
REUBEN, R.C. and GEFTER, M.L. (1974). 	A deoxyribonucleic acid-binding 
protein induced by bacteriophage T7. 	J.Biol.Chem. 249, 3843-3850. 
RICHARDSON, C.C., SCHILDKRAUT, C.L. and KORNBERG, A. (1964). Studies 
on the replication of DNA by DNA polymerases. Cold Spring Harbor 
Symp.Quant.Biol. 28, 9-19. 
168. 
RON, A. and PRESCOTT, D.M. (1969), 	The timing of DNA synthesis in 
Amoeba proteus. 	Exp. Cell Res. 56, 430-434. 
ROtJGEON, R. and MACH, B. (1977). 	Cloning and amplification of rabbit 
ct and globin gene sequences in E. coli plasmids. 	J.Biol.Chem. 
SAKAI, H., HASHIMOTO, S. and KOMANO, T. (1974). 	Replication of DNA in 
E. coli C mutants temperature sensitive in the initiation of 
chromosome replication. 	J.Bacteriol. 119, 811-820. 
SCHALLER, H., OTTO, B., NUSSLEIN, V., HUF, J., HERRMANN, R. and 
BONHOEFFER, F. (1972). 	Deoxyribonucleic acid replication in 
vitro. 	J.Mol.Biol. 63, 183-200. 
SCHEKMAN, R., WEINER, A., and KORNBERG, A. (1974). 	Multienzyme 
systems of DNA replication. 	Science 186, 987-993. 
SCHMIDT, G. and THANNHAUSER, S.J. (1945). 	JBiol.Chem. 161, 83-89. 
SCHNEIDER, W.C. (1945). 	J.Biol.Chem. 161, 293- 
SGARNIELLA, V., Van de SANDE, J.H. and KHORANA, H.G. (1970). Studies 
on polynucleotides. C. A novel joining reaction catalysed by 
the T4 polynucleotide ligase. Proc.Nat.Acad.Sci.,USA 67, 1468-1475. 
SHEININ, R. (1976). 	Preliminary characterization of a ts defect in 
DNA replication in a mutant Mouse L cell line. 	Cell 7, 49-57. 
SIGAL, N., DELIUS, H., KOPNBERG, T., GEFTER, M.L. and ALBERTS, B. 
(1972). 	A DNA unwinding protein isolated from E. coli: its 
interaction with DNA and with DNA polymerases. Proc.Nat.Acad. 
Sci.USA 69, 3537-3541. 
SLATER, M.L. and OZER, H.L. (1976). 	ts mutants of Balb/3T3: mutants 
in cell and polyoma virus DNA synthesis. 	Cell 7, 289-295. 
SODERHALL, S. and LINDAHL, T. (1975). 	Mammalian DNA ligases. Sero- 
logical evidence for two separate enzymes. J.Biol.Chem.250, 8438-8444. 
169 
SODERHALL, S. (1976). 	DNA ligases during rat liver regeneration. 
Nature 260, 640-643. 
SODERHALL, S. and LINDAHL, T. (1976). 	DNA ligases of eukaryotes. 
FEBS Letters 67, 1-8. 
SPADERI, S. and WEISSBAcH, A. (1974). 	The inter-relation between DNA 
synthesis and various DNA polymerase activities in synchronized 
Bela cells. 	J.Mol.Biol. 86, 11-20. 
STUDIER, F.W. (1965). 	Sedimentation studies on the size and shape-  
of DNA. 	J.Mol.Biol. 11, 373-390. 
SUTrON, W.S. (1903). 	The chromosomes in heredity. 	Biol.Bull.Mat. 
Biol.Lab., Woods Hole, 4, 231-248. 
TABAX, H.F. and WEIJEPS, P.J. (1976). 	The genetic complexity of S. 
pombe mitochondrial DNA. 	FEBS Letters 69, 213:- 
TAYLOR, J.H., WOODS, P.S. and HUGHES, W.L. (1957). 	The organization 
and duplication of chromosomes as revealed by autoradioqraphic 
studies using tritium labelled thymidine. Proc.Nat.Acad.Sci., 
USA 43, 122-128. 
THOMPSON, L.H. and BAKER, R.M. (1973). 	Isolation of mutants of 
cultured mammalian cells. 	In "Methods in Cell Biology", Vol. 6, 
p. 209- 	Edited by D.M. Prescott, Acad. Press. 
TYE, B., NYMAN, P., LEHMAN, I.R., HOCHHAUSER, S. and WEISS, B. (1977). 
Transient accumulation of Okazaki fragments as a result of uracil 
incorporation into nascent DNA. Proc.Nat.Acad.Sci, USA 74, 154-157. 
WADA, C. and YURA, T. (1974). 	Phenethyl alcohol resistance in E. coli. 
III. A temperature sensitive mutation (dna P) affecting DNA re-
plication. 	Genetics 77, 199-220. 
170. 
WANG, J.C. (1971). 	Interaction between DNA and an E. ccli protein. 
J.Mol.Biol. 55, 523-533. 
WAQAR, M.A. and HUBERMAN, J.A. (1975). 	Covalent linkage between RNA 
and nascent DNA in the slime mold'Physarunipolycephalum. Biochim. 
Biophys.Acta 383, 410-420. 
WATSON, J.D. and CRICK, F.H.C. (1953a). 	A structure for deoxyribose 
nucleic acid. 	Nature 171, 737-738. 
WATSON, J.D. and CRICK, F.H.C. (1953b). 	Genetical implications of the 
structure of deoxyribonucleic acid. 	Nature 171, 964-967. 
WATSON, J.D. and CRICK, F.H.C. (1954). 	The structure of DNA. 	Cold 
Spring Harbor Sytnp.Quant.Biol. 18, 123-131. 
WECHSLER, J.A. and GROSS, J.D. (1971). 	E.coli mutants temperature 
sensitive for DNA synthesis. 	Mol.Gen.Genet. 113, 273-284. 
WEINTRUB, H. (1972). 	A possible role for histone in the synthesis of 
DNA. 	Nature 240, 449-453. 
WEINTRUB, H., WORCEL, A. and ALBERTS, B. (1976). 	A model for chromatin 
based upon two symmetrically paired half nucleosomes. 	Cell 9, 
409-418. 
WEISSBACH, A., BALTIMORE, D., BOLLUM, F., GALLO, R. and KORN, D. 
(1975). 	Nomenclature of eukaryotic DNA polymerases. 	Eur. J. 
.Biochem. 59, 1-2. 
WEINER, R. (1971). 	Nature of DNA precursors. Nature New Biol. 233, 
99-103. 
WICKNER, R.B. (1974).. Mutants ofSaccharomycescerevisiae that in-
corporate deoxythymidine 5' monophosphate into DNA in vivo. 
J.Bacteriol. 117, 252-260. 
171. 
WICKNE,S. (1976). 	Mechanism of DNA elongation catalysed by E. coil 
DNA polymerase III, dna Z protein, and DNA elongation factors I 
and III. 	Proc.Nat.Acad.Sci.,USA 73, 3511- 
WILLIAMSON, D.H. (1965). The timing of DNA synthesis in the cell 
cycle of Saccharomyces cerevisiae. 	J.Cell Biol. 25, 517-528. 
WILLIAMSON, D.H. and MOUSTACCHI, E. (1971). 	The synthesis of mito- 
chondrial DNA during the cell cycle in the yeast Saccharomyces 
cerevisiae. 	Biochem.Biophys.Res.Commun. 42, 195-201. 
WILLIAMSON, D.H. (1973). 	Replication of nuclear genome in yeast does 
not require concomitant protein synthesis. 	Biochem.Biophys.Res. 
Cornmun. 52, 731-740. 
WINTERSBERGER, E. (1974). 	DNA polymerases from yeast: further puri- 
fication and characterization of DNA dependent DNA poiymerase A 
and B. 	Europ. J. Biochem. 50, 41-47. 
WORCEL, A., BURGI, E., ROBINrON, J. and CARLSON, C.L. (1973). Studies 
on the folded chromosome of E. coii. 	Cold Spring Harbor Symp. 
Quant.Biol. 38, 43-51. 
YARRANTON, G.T., MOORE, P.D. and SPANOS, A. (1976). 	The influence 
of DNA binding protein on the substrate affinities of DNA poly- 
merase from Ustilago maydis: One polymerase implicated in both 
DNA replication and repair. 	Molec.gen.Genet. 145, 215-218. 
YOSHIKAWA, H. and SUE0KA, N. (1963). 	Sequential replication of 
Bacillus subtilis chromosome. 	I. Comparison of marker frequencies 
in exponential and stationary phase growth phases. Proc.Nat. 
Acad.Sci., USA 49, 559-566. 
r 
172. 
YOSHIKAWA, H., O'SULLIVAN, A. and SUEOKA, N. (1964). 	Sequential 
replication of the Bacillus subtilis chromosome. 	III. Regulation 
of initiation. 	Proc.Nat.Acad.Sci.,USA 52, 973-980. 
YOSHIKLIRA, H and HIROKAWA, Y. (1968). 	Induction of cell replication. 
Exp. Cell Res. 52, 439-444. 
ZECHEL, K., BOUCHE, J.P., and KORNBERG, A. (1975). 	Replication of 
phage G4. A novel and simple system for the initiation cf DNA 
synthesis. 	J.Biol. Chem. 256, 4684-4689. 
ZYSKIND, J.W., DEEN, L.T. and SMITH, D.W. (1977). 	Temporal sequence 
of events during the initiation process in E. coli DNA replication. 
J.Bacteriol. 129, 1466-1475. 
ZYSKIND, J.W. and SMITH, D.W. (1977). 	Novel E. coli dna B mutant: 
Direct involvement of the dna B 252 gene product in the synthesis 
of an origin-RNA species during initiation of a round of DNA 
replication. 	J.Bacteriol. 129, 1476-1486. 
ACKNOWLEDGEMENTS 
When I first arrived in Edinburgh, I had little idea what sort of 
project I would undertake. 	I am indebted to Paul Nurse for introducing 
me to cell cycle mutants. 	I am indebted also to Pierre Thuriaux for 
my knowledge of pombe genetics. 
I would like to thank Geoff Wilson for supplying me with 3H 
labelled T4 phage, Nick Eascomb for helping me prepare 32P labelled 
marker DNA fragments, and Ken Murray for advice concerning the assay 
of DNA ligase. 
During this work I have had many fruitful discussions with Peter 
Fantes, Savaria Campo, Jim Creanor and Ron Fraser. I would also like 
to thank Ulirich Loening and Peter Walker for the ican of more equip-
ment than either of them may have imagined. 
None of this work would have been possible without the enduring 
help of Joan Davidson who has washed up the debris of all my experi-
ments. I would like to thank Denis Cremer for photographic prints 
and Jackie Bogie for typing this thesis so beautifully. 
Finally, I wish to thank my supervisor, Murdoch !&ttchison, who 
has, in many different ways, taken a great deal of care over me during 
these last three years. 
/ 
